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Abstract
The current research focuses on the examination of the mechanism of reaction between an 
epoxy resin and a 1,3-dialkylimidazolium based ionic liquid. The two epoxies employed in 
this work include the difunctional diglycidyl ether of Bisphenol A (DGEBA) and the 
monofunctional phenyl glycidyl ether (PGE). The four ionic liquids investigated comprise the 
common cation (1 -ethyl-3-methylimidazolium) and an anion (acetate, diethyl phosphate, 
dicyanamide or thiocyanate).
Investigation of the thermal stability of the initiators via thermogravimetric analysis revealed 
1 -ethyl-3-methylimidazolium acetate to be the least thermally stable, both in air and nitrogen, 
and 1-ethyl-3-methylimidazolium dicyanamide to be the most thermally stable. This 
observation was reflected in the dynamic differential scanning calorimetry analysis of 
formulations comprising DGEBA and ionic liquid where it was revealed that the lowest and 
highest temperature for the onset of reaction were observed for formulations with 1 -ethyl-3- 
methylimidazolium acetate and 1 -ethyl-3-methylimidazolium dicyanamide respectively.
1-ethyl-3-methylimidazolium acetate was shown, via nuclear magnetic resonance (NMR) 
spectroscopy and residual gas analysis, to degrade at 150 °C to yield dealkylated products 
including methyl acetate and ethyl acetate as well as 1 -methylimidazole and 1 - 
ethylimidazole. The dealkylated imidazole ring is proposed as a route for initiation of the 
epoxy ring.
Adduct formation between 1-ethyl-3-methylimidazoloium acetate and benzaldehyde at room 
temperature was observed leading to the proposal of the generation of a carbene species as a 
route for initiation of the epoxy ring in formulations with the acetate anion.
NMR analysis of formulations comprising 1-ethyl-3-methylimidazolium thiocyanate and 
epoxy are believed, at room temperature, to initiate via reaction of the thiocyanate anion with 
the epoxy ring. At elevated temperatures, it is proposed that a second, competing reaction 
involving deprotonation of the imidazolium ring also becomes active.
The three proposed reaction pathways, namely the carbene route, the imidazole route and the 
counter-ion route, are all proposed to occur when an ionic liquid is used to initiate an epoxy 
resin.
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Chapter 1 
Introduction
1.1 Aims and Structure of the Current Work
This research seeks to answer the debate surrounding the reaction pathway followed when an 
imidazolium based ionic liquid is combined with an epoxy to initiate a ring-opening 
polymerisation reaction. Few literature references exist for the use of 1-ethyl-3- 
methylimidazolium based ionic liquids employed as the initiating species for epoxy ring- 
opening polymerisations and those that do appear to remain unclear on the exact reaction 
mechanism which occurs. The current work, firstly, addresses the physical characterisation of 
the starting materials and formulations, and then seeks to understand the physical changes 
which occur during thermal treatment of the samples (Chapter 3). The latency of formulations 
is investigated in Chapter 4, and Chapter 5 explores a method of extending the pot-life of the 
systems by modifying the ionic liquid. The culmination of data from Chapters 3, 4 and 5 
results in possible mechanistic pathways being presented and rationalised in Chapter 6  
followed by the overall conclusions and future work ideas which are presented in Chapter 7. 
This chapter seeks to impart background information to the reader regarding epoxy resins, 
ionic liquids and the uses and known degradation pathways of imidazolium-based ionic 
liquids.
1.2 Epoxy Resins
Commercially available epoxy resins debuted in around 1947 and were produced in America 
by the Devoe-Raynolds Company. Their origin however, can be traced back as far as 1909 
when the Russian scientist Prileschajew discovered the epoxide forming reaction between 
olefins and peroxybenzoic acid\ Linear epoxy resins are converted into three-dimensional, 
crosslinked networks during a process known as curing^’^  which results in them having 
application in the engineering industry as a result of their good thermal, mechanical and 
electrical properties'^'^. They are additionally used as anticorrosive coatings, adhesives and 
paints due to their corrosion resistance and good adhesion to a wide variety of substrates^’^ . 
They are of very high importance in technological applications as they form the continuous
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phase which allows many lightweight, tough, composite materials to be bonded together^. 
Epoxy resins are especially interesting due to the wide variety of chemical compounds which 
can affect cure^ ®. It is possible, upon gaining an appreciation of the chemistry involved, to 
tailor the level of cross-linking and the temperature at which the reaction is carried out to an 
individual’s specific requirements^\ The wide variety of curing agents which are available 
and the different curing conditions mean that it is possible to obtain epoxy resins with many 
different physical properties such as toughness, chemical resistance^^, mechanical properties 
which range from extreme flexibility to high strength and hardness, high adhesive strengths, 
good heat resistance, high tensile, flexural and compressive strength and high electrical 
resistance^’^ ®’^ ’^^ .^ The epoxy, in its uncured form, can take on a variety of appearances 
ranging from low-viscosity liquids to tacky solids depending on oligomer length, which 
means the epoxies have application in a wide variety of settings^®.
1.2.1 Chemistry of Epoxy Resins
An epoxy resin is characterised by the presence of at least two, three-membered, highly 
strained, oxirane rings present in the molecular structure where the oxirane ring comprises 
two carbon atoms and one oxygen atom arranged in a planar geometry. The mechanistic 
route, via which polymerisation proceeds, involves ring opening of the strained oxirane ring 
and subsequent generation of hydroxyl groups '^ .^ Typical curing agents, which are used in 
stoichiometric amounts and cure by polyaddition mechanisms, include amines, anhydrides, 
dicyandiamides, carboxylates, phenols, mercaptans, cyclic amidines, isocyanates and cyanate 
esters. Alternatively, epoxies can be cured via a homopolymérisation pathway where a small 
amount of an initiating species is added (in sub-stoichiometric amounts) and the reaction 
proceeds via an éthérification reaction. Imidazoles, ammonium salts and tertiary amines, such 
as pyridine and triethylamine^^, are used to initiate an anionic polymerisation mechanism 
whereas cationic polymerisation occurs when thermal initiators, such as boron trifluoride- 
amine adducts, or radiation induced initiators, such as onium salts, are employed. A 
comprehensive, yet by no means exhaustive, list of curing agents and initiators can be found 
in Epoxy Resins Chemistry and Technology^. Anionic polymerisation involves attack of the 
oxirane ring resulting in the generation of alkoxide initiating species whereas cationic 
polymerisation typically involves protonation of the epoxide ring^ .^ Epoxies which are 
polymerised via an anionic mechanism suffer from relatively low glass transition
temperatures due to the short primary chains in the network which occur as a result of ehain- 
transfer reactions^If hydroxyl containing compounds are present in cationic polymerisation 
reactions, the reaction proceeds via two competing routes; the active chain end mechanism 
and the activated monomer mechanism. The active chain end mechanism involves cyclic, 
three-membered tertiary oxonium ions which form the main part of the growing species and, 
at the same time as the propogation reaction, undergo end-biting and back-biting reactions 
which results in cyclic products. The activated monomer mechanism involves addition of a 
protonated monomer onto either the hydroxyl group of the initiator or the growing polymer. 
The two competing reactions can be seen in Figure 1.1^^ .
OH
HO.
R'OH R 'O
OH
R'OH: initiator or growing macromolecule, R: alkyl group
Figure 1.1: Competing reaction routes for cationic polymerisation of epoxy resins in the presence of 
hydroxyl groups a) the active chain end mechanism and b) the activated monomer mechanism (taken
from paper by Yahiaoni et al.) 17
1.2.2 Gelation and Vitrification of a Reacting Epoxy System
There are two main, physical events which occur during the erosslinking process of an epoxy 
resin; gelation and vitrification. As the curing reaction proceeds, the epoxy groups and the 
curing agent react together to form molecules of ever increasing size^ and, as the point of 
gelation is neared, the system undergoes a rapid increase in viscosity and the molecular 
weight tends towards infinity^^ as the material transitions from a liquid to a rubber^^. Prior to 
gelation, the material is soluble, however, after the gelation point has been reached, the
reacting mixture contains both soluble and insoluble parts Vitrification of a material is 
the point at which it transitions from a liquid or rubbery material to a glassy solid^^. The 
curing reaction is not affected by the gel point whereas chemical reactions cease after the 
vitrification point^^. The gel point of any given system occurs at a specific conversion and is 
a non-reversible process whereas vitrification occurs gradually and is a thermo-reversible 
proeess^^. It has been reported that the sequence of the thermal events which the reacting 
system will undergo is the same for all systems. If the temperature at which the system is 
reacting (Tcure) is above that of the infinite glass transition temperature (Tgoo) of the cured 
system, then the sample will only undergo gelation and not vitrification. If the curing 
temperature of the system is below Tgco but above the glass transition temperature of the 
system at its gel point, the sample will gel and then subsequently vitrify. If, however, the Tcure 
is below the glass transition temperature of the system at its gel point then the material will 
first vitrify and then possibly, over time, undergo gelation. As mentioned above, the mobility 
of the sample after vitrification is greatly reduced and, therefore, in some eases, gelation does 
not occur after vitrification^^.
1.2.3 Kinetically Controlled versus Diffusion Controlled Reactions
It has long been acknowledged that the curing mechanism of a thermoset material is very 
complex and displays equally complex kinetics. The polymerisation reaction of an epoxy is 
known to be thermally catalysed and that maximum conversion is attained earlier at higher 
curing temperatures. The initial acceleration of the reaction is explained by its autocatalytie 
behaviour however the reaction is impeded in the next stage due to the onset of gelation^ \  If 
the curing temperature (Tcure) is well above the glass transition temperature, then the kinetics 
of the curing reaction are chemically controlled, however when the glass transition 
temperature approaches the curing temperature - which will happen due to the increasing 
glass transition temperature as a result of the increasing number of crosslinks forming during 
the curing reaction - the material transitions from being a flexible, rubbery material to being a 
rigid, glassy one. At this point the reaction is no longer chemically controlled but diffusion 
controlled and, hence, finally attains vitrification and stops^\ At this stage the material 
approaches a solid state and the movement of the reacting groups and the products is greatly 
hindered meaning that further reaction is only possible through diffusion and therefore the 
curing reaction slows down considerably. As the curing reaction is fundamentally the
reaction which takes place between the epoxy and the curing agent, the kinetics of each 
reaction are dependent on the chemical nature of the curing agent employed and, as such, 
each epoxy/curing agent system can essentially be treated as a separate entity which renders 
the establishment of a general understanding of the kinetic cure profile of epoxy resins 
ambitious^^.
Various methods, such as those by Kissinger^^ and Ozawa "^ ,^ have been implemented for 
determining the kinetic parameters of an epoxy curing reaction. Kissinger stated that by 
analysing samples at different heating rates using differential thermal analysis (DTA), the 
kinetic constants should be able to be calculated by applying the equation of Murray and 
White (Equation 1.1)^  ^who measured the isothermal rates of dehydration of clays and from 
these data calculated the kinetic constants and produced curves of reaction rate versus time at 
constant heating rates. It was also reported by Murray and White that the peak maximum 
temperature was defined by the kinetic constants and the heating rate. Owing to this, a plot of 
ln(y5/7^ max) against l/Emax should give a straight line with a gradient equating to -EJR  
according to Equation 1.2 which is derived from Equation 1.1 (Murray and White)^^. As a 
result, the activation energy of the sample can be calculated as well as the pre-exponential 
factor as shown in Equation 1.3^ .^
Ae = - ^ —
RTL dt
23Equation 1.1 Murray and White Equation (taken from Kissinger paper)
Where A is the pre-exponential factor, is the activation energy, R is the gas constant, Tn 
is the peak maximum temperature and dTldt is the heating rate (^).
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\  -^max J  
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R
Equation 1.2 Derived from Murray and white equation to obtain gradient of straight line^
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Equation 1.3 (adapted from work by Hardis^^ and Kissinger^^)
Where p  is the heating rate, Ea is the activation energy, Tmax is the temperature at peak 
maximum in the DSC thermogram and R is the universal gas constant.
1.2.4 One-Pot Formulations
Owing to their extreme versatility, epoxy resins are already extensively used in many 
industrial applications, however, in order to further enhance their applicability, it is necessary 
for the resins to overcome certain limitations^^. One of the main problems currently 
associated with the use of epoxy resins is the instability of the composition meaning that, 
whilst the epoxy resin with the curing agent can be formulated as a one-pot system (epoxy 
and hardener premixed) which can cure rapidly to a tough material when subjected to an 
elevated temperature, quite often the system can cure prematurely over time in the container 
at room temperature, therefore resulting in a formulation which is not able to be stored as a 
one-pot system for extended periods of time^^’^ .^
One-pot epoxy systems require no mixing or measuring of individual components on site and, 
as such, are an attractive alternative to the more traditional two component systems as less 
time is needed to prepare the resin and ultimately more accurate mixing of the one-pot 
formulation will have been achieved prior to use leading, therefore, to a final product with 
optimum properties. Additionally, the lower cost of shipping a one-pot system and ultimately
the greater convenience to the user are both key advantages of the one-pot system over the 
two component system.
According to Smith^^, the desired properties of a latent catalyst for the curing of epoxy resins 
include the following; rapid cure of the resin should be achievable at moderately elevated 
temperatures, i.e. < 60 min at 135 - 180 °C, complete miscibility with the resin should be 
observed at all temperatures, an indefinite storage life of the catalysed resin is required and 
the catalyst should not adversely affect any properties of the cured resin. Many studies have 
dealt with developing latent curing agents for DGEBA, however these have been only 
partially successful in that not all of the above requirements have been fulfilled. A commonly 
employed latent catalyst is boron trifluoride-monoethylamine complex which has been 
eommereially used for curing DGEBA epoxy resins. This however, whilst fulfilling many of 
the other requirements, suffers from poor electrical properties at elevated temperatures^^. 
Additionally, dieyandiamide (DICY) is a commonly used initiator which exhibits very good 
latent behaviour due to the fact it is a solid at room temperature (m.p. 206 °C) and, therefore, 
only begins to initiate the polymerisation reaction as it melts and dissolves into the epoxy at 
elevated temperatures (>150 °C). Whilst this is useful from the perspective of producing a 
one-pot formulation, as it can be stored at ambient or sub-ambient temperatures for a period 
of six months or more, it suffers from problems in terms of complete dispersion into the 
epoxy which, ultimately, can lead to inhomogeneous cure '^ ’^^ °.
Imidazoles are known to be good initiators yet poor latent initiators for epoxy polymerisation 
due to the fact that the mixture cures slowly at room temperature^^ and for this reason many 
studies have focussed on the preparation of imidazole-metal complexes as a method of 
stabilising the imidazole; the lone pair of electrons on the pyridine-type nitrogen which 
attacks the epoxy ring is used to coordinate the metal therefore stabilises the imidazole until 
the complex dissociates at elevated temperatures^^. Further studies have focussed on the use 
of transition metals in stabilising imidazoles although one of the drawbacks associated with 
metal-imidazole complexes is the fact they are commonly crystalline materials and, as such, 
exhibit very poor solubility in common epoxides leading to heterogeneous dispersions which 
are liable to settle out or agglomerate during storage^^.
1.2.5 Epoxy Cure with Imidazoles
It is known that imidazoles are very effective curing agents and compositions of imidazoles 
and epoxy resins yield adhesives and coatings with very good mechanical properties. Studies 
have also shown that epoxy resins cured with imidazoles can have superior physical 
properties'"^ such as better heat resistance^^, lower tensile elongation, a higher modulus and a 
wider range of cure temperatures compared with amine-cured systems^^’^ .^ It is for this reason 
that such materials are added to commercial epoxy resins to catalyse the homopolymérisation 
of epoxide groups and yield tough thermoset networks^’^ .^
The groundwork for the initially proposed mechanisms was laid in 1968 by Farkas and 
Strohm^^ who studied the curing of PGE with 2-ethyl-4(5)-methylimidazole. They suggested 
that the first stage of the reaction required attack of the secondary pyrrole-type nitrogen on 
the terminal carbon atom of the epoxy group to generate a 1 : 1  adduct, which would indicate 
that both nitrogen atoms on the imidazole ring are involved in the curing process in the initial 
stages and become incorporated into the system^^. This theory was revised in 1975 when 
work by Barton and Shepherd^^ suggested that the rate of reaction of the 1:1 adduct 
(imidazole and epoxy) with epoxide was of the same order as the rate of reaction of the 
original imidazole (2-ethyl-4(5)-methylimidazole) with epoxide. This led to the conclusion 
that the pyridine-type nitrogen, as opposed to the pyrrole-type nitrogen, was the reactive 
species. It was additionally noted that the rate of adduct formation appeared to be higher than 
the rate of polymerisation^^. The revised mechanism, as presented by Barton and Shepherd, is 
shown in Figure 1.2^ ’^^ .^
H'*'transfer
HN
HN
HO'
1:1 Adduct
HO'
1:2 Adduct
Polymerisation
HO'
Figure 1.2: Mechanism of reaction between 2-ethyl-4(5)-methyIimidazole and PGE as proposed by Barton
and Shepherd (R = OPh)37,38
Many studies have focussed on epoxy/imidazole systems and more specifically on the 
reaction between PGE and various i m i d a z o l e s ^ I t  was observed that formation of 
epoxy/imidazole adducts appears to be the first stage in the curing process and, as both 
nitrogen atoms are involved in the forming of adducts, it was concluded that the imidazole 
becomes permanently incorporated into the network^^’^ ’^'^\ The nitrogen atoms are believed to 
act as pyridine type nitrogen atoms and form both 1 : 1  and 2 : 1  epoxy/imidazole adducts 
through the ring opening of the epoxide group, with the 2 : 1  adduct thought to be the catalyst 
which initiates the polymerisation process^^’'^ ®’'^  ^ Further studies based on the reaction of 
DGEBA with low concentrations of 2-ethyl-4-methylimidazole resulted in a reaction 
mechanism, based on the previous work with PGE^ '^" \^ being proposed. The reaction 
mechanism, as shown in Figure 1.3, suggests that 4 different reactions are possible; two 
adduct reactions and two éthérification reactions'^ \
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HO
DGEBAHN
1-unsubstituted imidazole
OH-adduct
HO
O'/OH-adduct
(III)
(III)+ 2(1)
HO—
OH-etherification
O-etherification
Figure 1.3: Mechanism of reaction between 2-ethyI-4-methyIimidazole and DGEBA as proposed by Heise
and Martin (R = CH20PhC(CH3)2Ph0CH2, Ri, R2 = alkyl groups)'*^
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Heise and Martin‘S^ sought to analyse further the different reactions occurring in the 
DGEBA/imidazole systems with the view to observe the effect they had on the thermal 
properties of the resulting network. The first adduct formation evolves from attack of the 3-N 
atom of the imidazole on the epoxide group causing it to open to form the 1:1 molar OH 
adduct through rearrangement of the zwitterion intermediate through a proton transfer. The 
second adduct is formed through attack of the 1-N atom of the OH adduct on another epoxide 
ring to form the 2:1 molar O'/OH adduct. The latter, as mentioned previously, is believed to 
catalyse the polymerisation reaction, due to the highly reactive alkoxide ion contained within 
it. Owing to the fact that both adducts have similar rates of formation, it can be assumed that 
the pyridine type N atom is involved in both reactions rather than the hydrogen atom on the 
secondary nitrogen (1-A/) reacting with the epoxide ring in a similar manner to an amine 
curing agent as was previously thought^^’^ ’^'^ ’^'^  ^ Previous work by the same authors had 
already established that adduct formation is necessary before the éthérification reaction can 
proceed and, hence, this is the rate-limiting step of the reaction"^ .^ Ethérification, as 
mentioned earlier, can proceed via two different pathways; namely O-etherification or OH- 
etherification and it is the chain growth via these two reaction points which allows the cross- 
linking of the resin and the final network properties to be determined. It is established that in 
order for both adducts to form, it is necessary to use a 1 -unsubstituted imidazole, hence, in 
order to have present a hydrogen atom on the secondary nitrogen {l-N) atom which is capable 
of rearrangement during the zwitterion intermediate state. Therefore in the case of e.g. 2- 
ethyl-4-methylimidazole, imidazole and 1-unsubstituted imidazoles, both the OH (1:1) adduct 
and the O'/OH (2:1) adduct are formed whereas in the case of 1-substituted imidazoles, e.g. 
1,2-dimethylimidazole and 1-methylimidazole, only the O' (1:1) adduct is formed.
FTIR spectroscopy was used to track the epoxide concentration and, hence, allowed the 
formation of the O'/OH adduct to be monitored indirectly. The presence and subsequent 
disappearance of the N-H stretching peak in the FTIR spectrum allows for the formation of 
the OH-adduct to be monitored directly. In the case of 2-ethyl-4-methylimidazole at a 
concentration of 25, 10 and 5 mol%, held isothermally at a temperature of 80 °C, a change of 
slope in the epoxide concentration with respect to time profile is observed between 1 0  and 15 
minutes, indicating a change in reaction rate. At this point the epoxide concentration profile 
implies a depletion of approximately two moles of epoxide groups per mole of imidazole. 
This, in turn, suggests that at a reaction temperature of 80 °C and an imidazole concentration 
of less than 25 mol%, the adduct formation reaction nears completion before the
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éthérification reaction begins. Additionally, at this point there is no evidence of the formation 
of aliphatic ethers in the IR spectrum. In the case of 5 mol%, the value of the glass transition 
temperature does not change appreciably during the first 15 minutes of the reaction however 
after this it begins to increase rapidly. As mentioned earlier, it is at this time point in the 
epoxide concentration profile that the rate of reaction changes. This would suggest the start of 
the éthérification reaction which, as this is a cross-linking reaction and the adduct formation 
is not, would be expected to yield a rapid increase in the value of the glass transition 
temperature. As a result, adduct formation for 1-unsubstituted imidazoles can be 
characterised by a slow rate of epoxide conversion and a relatively constant glass transition 
temperature. The start of the éthérification reaction is indicated by a rapid and sudden 
increase in the glass transition temperature, an increase in the rate of epoxide conversion and 
the developing presence of a broad aliphatic ether band occurring in the IR spectrum in the 
region of 1140 -1110 cm'^
In order to study the éthérification reaction more closely, it is possible to vary the 
concentration of imidazole present in the system and observe the effects in a DSC 
thermogram. As FTIR spectroscopy results suggest that the adduct formation reaction 
approaches completion prior to the start of the éthérification reaction, it is expected that the 
éthérification reaction will be characterised by the presence of a second exothermic peak in 
an isothermal DSC thermogram. For example, if 50 mol% imidazole is used then the adduct 
formation is the major reaction occurring and consequently consumes the majority of the 
epoxide groups leading to only one exothermic peak - the one relating to adduct formation - 
being observed in an isothermal DSC thermogram. It is possible that at this or higher 
concentrations, as it is sufficient to react with all of the epoxide groups to form adducts, the 
éthérification reaction may already have begun and in this case the single exothermic peak 
will show a broad tail on the end rather than a separate exothermic peak. In the case of 
imidazole concentrations of 25 mol% and 5 mol%, a second exothermic peak is clearly 
observed. This second exothermic peak, implying O-etherification, increases as the 
concentration of imidazole decreases due to the fact that fewer epoxide groups are used to 
form the adducts. If the epoxide concentration profile is examined more closely for DGEBA 
cured with 25 mol% 2-ethyl-4-methylimidazole, it can be seen that three distinct regions are 
present; the first region corresponds to the adduct formation reactions which can be 
characterised by a relatively constant glass transition temperature, disappearance of the N-H 
group in the FTIR spectrum, an initial exothermic peak visible in a DSC thermogram and a
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slow rate of epoxide depletion. The second region is indicative of the O-etherification 
reaction and is characterised by the appearance of a second exothermic peak in the DSC 
thermogram, a rapid increase in the glass transition temperature, a rapid decrease in the 
epoxide concentration and the appearance of aliphatic ether bands in the region 1140-1110 
cm"^  in the IR spectrum. The third region relates to the point where the sample has undergone 
vitrification and, hence, the reaction becomes diffusion controlled and consequently results in 
a slow increase in the glass transition temperature. It was discussed previously that OH- 
etherification reactions could only occur in 1 -unsubstituted imidazoles due to the fact that the 
active hydroxyl site is only formed through the OH-adduct formation. Interestingly this type 
of éthérification was only observed in the case of 2-ethyl-4-methylimidazole at 
concentrations less that 7 mol% and at a concentration of 5 mol% for imidazole. The reaction 
with 2-ethyl-4-methylimidazole appears as a broad, high temperature exothermic peak in the 
dynamic DSC thermogram and shifts to higher temperatures as the concentration of 
imidazole is decreased suggesting a strong dependence of the reaction on imidazole 
concentration. In the case of reaction with 5 mol% imidazole, a broad tail is observed on the 
main exothermic peak"^\
Subsequent work by Ricciardi et al?'' focussed on the fact that differences in the catalytic 
ability of various imidazoles is observed which is not accounted for in terms of the 
mechanism proposed by Barton and Shepherd^^. Essentially, regardless of the imidazole, a 
similar adduct will be formed and yet it has been observed that the overall rate of reaction 
varies greatly depending on the nature of the imidazole^^. Additionally, as the rate of adduct 
formation is faster than the rate of polymerisation, it is not this stage of the reaction that is 
rate-determining. Furthermore, the alkoxide anion, which was believed to be the reactive 
species in the éthérification reactions, was shown not to be as effective a catalyst as the 
imidazole and addition of alkoxide anions to the curing reaction mixture had little effect on 
the rate of the reaction whereas addition of an equivalent amount of an imidazole 
significantly increased the rate of the reaction. As a result of this the authors inferred that the 
imidazole curing agent was active throughout the polymerisation process rather than just at 
the start during adduct formation as was previously thought^^. The study focussed on the 
investigation of the reaction of 1-methylimidazole with PGE. The expected 1:1 adduct is 
shown in Figure 1.4^ .^
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Figure 1.4: Expected adduct resulting from reaction between 1-methyIimidazoIe and PGE^^
This was presumed to be the reactive species, however when the authors attempted to prepare 
this adduct, a mixture of several compounds resulted. In most cases the methyl group on the 
imidazole had gone and only in some cases had this group been transferred to the hydroxyl 
group on the side chain. Additionally, some compounds were formed where the 2-position on 
the imidazole had become substituted. A selection of the imidazole-containing products 
resulting from the attempted preparation of the adduct is shown in Figure 1.5, which led to 
the conclusion that there was inherent instability associated with the adduct. In order to 
isolate the effect of the imidazole portion of the system’s reactivity from the PGE chain 
contribution, a 1,3-disubstituted imidazole was prepared. 1,3-Dimethylimidazolium iodide 
was prepared and due to the increased electrophilic nature of the imidazole ring, owing to the 
quatemization process, it was treated with various nucleophiles ranging in character from 
weak bases such as the phenyl selenate anion to strong bases such as the methoxide ion to 
observe the effect the nucleophiles had. Analysis using nuclear magnetic resonance 
spectroscopy showed that in all cases the imidazolium ring remained intact although N- 
demethylated product was also observed in each case. In the case of 1,3-dimethylimidazolium 
iodide, the cleavage of the N-C bond is essentially the reverse of the salt forming reaction and 
results in the regeneration of 1-methylimidazole. It was observed that upon heating the 
imidazolium salt to more than 200 °C, déméthylation occurred, yielding 1-methylimidazole 
and methyl iodide. Subsequent investigation showed that heating the corresponding 
hydroxide salt (1,3-dimethylimidazolium hydroxide) to above 100 °C resulted in 1- 
methylimidazole being regenerated. The degradation pathways of 1,3 -dialkyimidazolium 
ionic liquids will be discussed further in section 1.3.1.2.
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Figure 1.5: Recovered imidazole-containing products from the attempted preparation of a 1:1 adduct via
reaction between 1-methylimidazoIe and PGE37
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1.3 Ionic liquids
The dawn of ionic liquids can be traced as far back as the second half of the nineteenth 
century when during Friedel-Crafts reactions, a separate phase liquid was observed to result 
when small quantities of anhydrous aluminium chloride were added to amyl chloride"^ .^ The 
liquid however, was only identified almost a century later, when chemists in Japan reported it 
to consist of an alkylated aromatic ring cation and a chloroaluminate anion -  hence an ionic 
liquid. Towards the end of the nineteenth century, interest was beginning to grow in salts 
with low melting points, following the reported discovery of a protic variety of ionic liquid -  
ethanolammonium nitrate -  by Gabriel in 1888"^ .^ This particular ionic liquid had a reported 
melting point of 52 - 55 °C and is believed to be the first organic salt reported with a melting 
point below 100 °C. It is, however, widely accepted that the synthesis of ethylammonium 
nitrate by Walden in 1914 was the true inception of room-temperature ionic liquids. 
Immediately following this, progress was slow until a sudden exponential increase in interest 
in the years 1998 - 2000, resulting in a multitude of research publications in the first decade 
of the new millennium'^^.
Ionic liquids are defined as liquids which consist entirely, or almost entirely, of ions. Over the 
last twenty or so years, the term ionic liquid has typically been reserved for liquids which 
have a melting point or glass transition temperature below 100 °C and, as mentioned above, 
consist almost exclusively of ions. They are commonly organic salts or a eutectic mixture of 
an organic salt and an inorganic salt and, by virtue of their ionic properties, are able to exhibit 
ionic conductivity. Room-temperature ionic liquids, as the name suggests, are those ionic 
liquids which exist in the liquid state at room temperature. It was widely believed that the 
vapour pressure exhibited by ionic liquids was zero and, as such, it was thought that ionic 
liquids were a greener alternative to traditional organic solvents"^ '^"^ .^
Ionic liquids are widely used in chemical reactions including extractions'^^, synthesis and as 
lubricants'^^ and are particularly desirable due to the fact that they can be tailored for specific 
applications; a class known as task-specific ionic liquids'^  ^which were initially developed by 
Davis'^  ^ to impart specific properties or reactivities to the ionic liquid as a result of varying 
functional groups. Feng et reported that a review of the literature in 2010 revealed the 
same superior properties of ionic liquids were commonly cited which included: no 
measurable vapour pressure, low toxicity, high polarity, non-coordination and physical and 
chemical stability.
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1.3.1 Imidazolium-Based Ionic Liquids
Imidazolium-based ionic liquids are one of the most studied groups of ionic liquids^^ and are 
often selected due to the stability of the ring in oxidative and reductive environments, the low 
viscosity exhibited and the relative ease of synthesis^\ The general structure of an 
imidazolium-based ionic liquid is shown in Figure 1.6. Whilst various reports have 
championed the use of imidazolium-based ionic liquids as catalysts for enhancing both the 
rate of reaction and the yield, other studies are now recognising the non-innocent nature of 
these compounds^ \
Figure 1.6: General structure of an l,3-dialkyIimidazoIiuni-based ionic liquid (R and R ’= alkyl groups. A"
= anion)
It was previously believed that ionic liquids exhibit no vapour pressure and, hence, could not 
be distilled, however Earle et al.^^ demonstrated that this was not the case by distilling 1- 
alkyl-3 -methylimidazolium bis[(trifluoromethyl)sulfonyl] amides using a Kugelrohr apparatus 
and vaporising them under vacuum' '^ .^ As such, it is now widely accepted that ionic liquids 
can be distilled'^^ which questions their use as non-volatile agents in chemical reactions.
1.3.1.1 Imidazolium-Based Ionic Liquids as Initiators for Epoxy Resins
A sparse collection of studies found in the literature relate to the implementation of 
imidazolium based ionic liquids as initiators for epoxy resins. Kowalczyk and Spychaj^^ 
reported that 1 -butyl-3-methylimidazolium tetrafluoroborate could be used as an initiator for 
a commercial epoxy (Epidian 6 ) and additionally, a formulation comprising the two 
components could be stored for a period of 6  months at ambient temperature without any
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change in viscosity. The authors however, did not give any insight into the mechanism of 
reaction. Rahmathullah et al?^ explored the use of 1-ethyl-3-methylimidazolium dicyanamide 
as an initiator for epoxy resins and, moreover, determined that is could be used as a latent 
initiator which was miscible with another commercial epoxy (Epon 828) and exhibited long­
term stability at room temperature. The stability of the formulation was tracked through 
monitoring the characteristic epoxy ring absorbance band in near-infrared spectroscopy and it 
was suggested by the authors that the mechanistic route may involve reaction between the 
cyanamide and epoxy groups and not the nitrogen atoms in the imidazolium cation directly. 
Maka et al.^^ also reported the use of imidazolium-based ionic liquids as initiators for epoxy 
resins. These included ionic liquids based on both l-decyl-3-methylimidazolium and 1-butyl- 
3-methylimidazolium cations with chloride, tetrafluoroborate and dicyanamide anions. It was 
suggested, in these cases, that thermal decomposition of the ionic liquid could proceed via a 
highly stabilised A-heterocyclic carbon structure which, in turn, would result in generation of 
imidazole or 1-alkyl derivatives. The interaction of the pyridine-type nitrogen atom in the 
imidazole ring with an epoxy group to form a 1 : 1  adduct was concluded as the most likely 
anionic polymerisation route and is shown in Figure 1.7^ '^  along with other possible 
mechanisms.
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In addition, reference to the stability of the formulations stored at room temperature revealed 
that samples comprising tetrafluoroborate exhibited a storage period of 2 0  days irrespective 
of the cation size, the l-decyl-3-methylimidazolium chloride/DGEBA system showed an 
almost unchanged viscosity after a storage period of 30 days at room temperature and no 
marked influence of alkyl chain length could be found on the storage time. The use of N,N'~ 
dioctadecylimidazolium iodide was investigated by Soares et al.^^ as a potential initiator for 
the polymerisation of epoxy resins. They reported the successful initiation of the reaction and 
suggested that the mechanism proceeded via thermal decomposition of the ionic liquid at 
high temperatures to yield imidazole, A-alkylimidazoles and imidazole moieties linked by a 
methylene bridge which were capable of initiating the polymerisation reaction. The proposed 
mechanism is presented in Figure 1.8^ .^
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Figure 1.8: Proposed mechanism of reaction between A',A’-dioctadecylimidazolium iodide and an epoxy
(taken from work by Soares et al.)55
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Another study by Maka et al.^^ concluded that the initiation of the epoxy polymerisation 
reaction with 1 -butyl-3-methylimidazolium thiocyanate proceeded via thermal decomposition 
products including imidazole and alkyl derivatives resulting from the ionic liquid.
1.3.1.2 Decomposition of Imidazolium-Based Ionic Liquids
The thermal decomposition pathways of imidazolium-based ionic liquids have been studied 
extensively with authors generally concluding that a dealkylation mechanism occurs. Ohtani 
et investigated a range of 1,3-dialkylated imidazolium ionic liquids and reported a 
number of observations. The thermal decomposition of imidazolium-based ionic liquids 
occurs mainly as a result of cleavage of the C-N bond although ionic liquids containing 
longer alkyl chains can also undergo some C-C bond cleavages within the chains. If a halide 
ion is present, the corresponding haloalkanes and 1 -alkylimidazoles will be generated through 
nucleophilic attack of the halide ions on the alkyl groups, preferentially the methyl group. 
When an anion such as BF4  is present, fewer haloalkane products but significantly more 
corresponding alkenes are generated as a result of C-N bond cleavage. The proposed thermal 
decomposition pathways for 1 -ethyl-3-methylimidazolium bromide and 1 -butyl-3- 
methylimidazolium tetrafluoroborate are shown in Figures 1.9 and 1.10 respectively.
Figure 1.9: Thermal decomposition products of l-ethyI-3-methyIimidazolium bromide: 1) ethylene, 2) 
bromoethane, 3) 1-methylimidazole, 4) bromomethane and 5) 1-ethylimidazole (adapted from work by
Ohtani et al.)57
2 2
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Figure 1.10: Thermal decomposition products of l-butyl-3-methyIimidazoIium tetrafluorobromide: 1) 
ethylene, 2) propylene, 3) 2-fluoropropane, 4) ^/'ans-2-butene, 4’) m -2-butene, 4” ) 1-butene, 5) 1- 
fluorobutane, 6) 1-methylimidazole, 7) fluoromethane and 8) 1-butylimidazole (adapted from work by
Ohtani et aL)57
In 1991, Arduengo et al.^^ reported the isolation of the first stable crystalline carbene species 
from deprotonation of 1,3-di-l-adamantylimidazolium chloride with catalytic dimsyl anion 
CCH2 S(0 )CH3) at room temperature in THF in the presence of 1 equivalent of sodium 
hydroxide. This species was reported to be stable in the absence of oxygen and moisture and 
was thought to benefit from electronic stabilisation. In addition, kinetic stability was provided 
by the bulky adamantyl groups although, in spite of the steric hindrance, chemical reaction at 
the carbene centre was still believed to be possible. It has since been reported in the literature 
that 7V-heterocyclic carbenes can be derived from the single deprotonation of 1,3- 
dialkylimidazolium cations, however, early research suggested that this could only be 
achieved in the presence of a superbase^^. Subsequently, however, it has been found that the 
acetate ion has sufficient basicity to promote this deprotonation reaction. The observed 
deprotonation is shown in Figure 1.11.
23
HO
Figure 1.11: Formation of a carbene and acetic acid via deprotonation of 1,3-dialkylimidazolium acetate
(R = alkyl group)
In the case of evaporation of protic ionic liquids, the proton exchange from the cation to the 
anion occurs easily and therefore the species present in the vapour are neutral acids and 
bases. Non-protic ionic liquids, however, are shown to contain single ion pairs in the vapour 
of the liquid. In a study of l-ethyI-3-methylimidazolium acetate, photoelectron spectroscopic 
measurements along with DFT calculations revealed an isomerisation-dissociation process as 
shown in Figure 1.12. The imidazolium based ion pair, i.e. the 1-ethyl-3-methylimidazolium 
cation and the acetate anion, firstly isomerises to give a neutral H-bridged carbene-acid pair 
which can only occur when the anion is sufficiently basic, as in the case of acetate. Secondly, 
under higher vacuum conditions, such as in the ionization chamber of a mass spectrometer, 
the neutral species undergoes dissociation, resulting in the free carbene and the corresponding 
acid (acetic acid). It is believed that in the liquid phase, the mutual coulombic interactions 
between the surrounding charged particles stabilise the imidazolium salt. The deprotonation 
of the imidazolium cation results in a neutral species, an example of a nucleophilic singlet 
carbene, which is known to be stabilised by the presence of two heteroatoms at the carbenic 
centre.
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Figure 1.12: Isomerisation-dissociation process of l-ethyl-3-methylimidazolium acetate (A" = acetate
anion)
Holloczki et aî.^^ investigated the possible formation of carbenes from aprotic ionic liquids in 
the presence of basic counter ions. It was confirmed, previously, in a review by Greaves and 
Drummond, that proton transfer occurs in protic ionic liquids from the weakly acidic cation 
to the basic anion to give a neutral and, as such, volatile acid-base pair. Owing to the 
observation reported above regarding the possibility of distilling certain ionic liquids, 
Holloczki questioned whether the formation of a neutral and volatile N-heterocyclic carbene- 
acid pair could be responsible for the phenomenon. Mass spectroscopy was carried out on a 
sample of 1-ethyl-3-methylimidazolium acetate with the resulting spectrum shown in Figure 
1.13.
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Figure 1.13: Mass spectrum of l-ethyl-3-methylimidazolium acetate^®
The authors identified the following key peaks to confirm the theory of deprotonation of the 
imidazolium cation; the intense peak at 1 1 0  amu corresponding to 1 -ethyl-3-methyl- 
imidazole-2-ylidene; the peak at 60 amu corresponding to acetic acid and the peaks at 15, 29, 
43 and 45 amu further supporting the assignment of the acetic acid peak at 60 amu owing to 
them being characteristic of the fragmentation process of acetic acid. The peak at 82 amu was 
also assigned as the loss of ethylene from the 110 amu peak. The authors also reasoned that 
the higher pressure of the mass spectrometer compared with the photoelectron spectrometer 
favoured the dissociation of the carbene-acid complex and was therefore the reason why two 
separate peaks in the MS spectrum could be observed (one for the carbene and one for the 
acid). The small peak at 142 amu in the spectrum, however, was also reported as potentially 
arising 6 om ethylene loss &om a non-dissociated species.
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1.3.2 Uses of Carbenes Generated Through Deprotonation of 1,3-Dialkylimidazolium 
Ionic Liquids
The literature explores, in depth, the employment of ionic liquids as reaction media for 
cellulose dissolution. Much of this research seeks to provide reasoning as to why certain ionic 
liquids are more preferential than others. The answer appears to lie with the ability of a 
particular class of ionic liquids to form highly reactive carbene intermediates. There is debate 
as to the exact mechanism of formation of these species and the following examples attempt 
to draw on, and summarise, the key theories which are commonly accepted. Du et al.^^ 
sought to shed light on the apparent superior reaction qualities of 1,3-dialkylimidazolium 
acetate compared with 1,3-dialkylimidazolium chloride for the dissolution of cellulose. It 
could be hypothesised that the chloride anion would perform better than the acetate anion due 
to its smaller size, enabling it to penetrate the crystalline cellulose structure and form 
hydrogen bonds with the hydroxyl groups, resulting in a disruption of the hydrogen bonded 
network in cellulose. In practice, however, the opposite is observed with the acetate anion 
appearing to dissolve cellulose more effectively. This observation can be explained by the 
ability of the acetate anion to react with the imidazolium cation to form a highly reactive 
carbene intermediate which can then further react to facilitate the dissolution of cellulose. 
The most likely pathway for carbene formation, as concluded by Du et al.^^ involves a 
number of steps and begins with formation of an ion-pair complex between the imidazolium 
cation and the acetate anion owing to the electrostatic and C-H—O hydrogen bonding 
interaction. Subsequently the proton is transferred from the acidic 2 position on the ring to the 
oxygen atom on the acetate yielding an acetic acid-carbene complex in a neutral state. The 
final step of carbene formation results in neutral acetic acid and neutral carbene species 
achieved via dissociation of the acetic acid-carbene complex. Whilst feasible for imidazolium 
based ionic liquids with an acetate counter ion, the same proposed reaction pathway cannot 
be applied to those ionic liquids which have chloride as the counter ion. This inapplicability, 
along with the converse applicability to acetate ions, has been explained by Du et al.^^ as 
relating to the strength of the acids and conjugate bases involved in the respective ion pairs. 
Acetic acid is known to be a weak acid in various solvents, including aqueous solutions and 
the ionic liquid, and therefore acetate, the conjugate base in this case, acts as a strong base 
meaning it can accept the proton from the imidazolium ring. Conversely, hydrochloric acid is 
a strong acid in aqueous solutions and is likely to also be a strong acid in the ionic liquid, 
meaning the chloride anion, acting as the conjugate base, must be a weak base. This means
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that proton transfer from the imidazolium ring to the chloride ion is very unlikely and, as 
such, carbene formation is extremely unlikely. Consequently, it can clearly be seen that 
formation of carbenes is viable when 1,3-dialkylimidazolium salts are employed with an 
acetate ion as the counter ion in the chemical reaction.
1.4 Aims of the Current Work
The literature implies that thermal decomposition of 1,3 -dialkylimidazolium-based ionic 
liquids yields imidazole and alkylimidazole derivatives which are capable of initiating epoxy 
resins to undergo anionic polymerisation. The compounds reported in the literature suggest 
that a degree of latency can be achieved in some formulations where an imidazole derivative 
is utilised. The reported ease of carbene formation and the apparent non innocent nature of 
certain ionic liquids raise questions with respect to the mechanistic pathway and whether the 
same mechanism can be applied to all the imidazolium-based ionic liquids. This thesis 
therefore, seeks to identify the reaction mechanism between DGEBA and 1-ethyl-3- 
methylimidazolium acetate, 1 -ethyl-3-methylimidazolium diethyl phosphate, 1 -ethyl-3- 
methylimidazolium dicyanamide and 1 -ethyl-3-methylimidazolium thiocyanate and assess 
the latency of the formulations.
The proposed mechanisms for reaction of the ionic liquid with the epoxy include reaction via 
a carbene route, reaction via the imidazolium ring and reaction via the anion and are shown in 
Figure 1.14.
28
AH
Figure 1.14: Proposed reaction pathways for initiation of an epoxy polymerization reaction with
imidazolium-based ionic liquids via a) the carbene route, b) the imidazole route and c) the counter ion
route
In the current work, each mechanism will be explored and evidence will be offered both in 
support of and in rejection of the occurrence of the different pathways with a specific ionic 
liquid/epoxy formulation.
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Chapter 2 
Experimental
2.1 Introduction
The information in this chapter provides a summary of the key parameters and sample 
preparation techniques which were used in the current work. More specific experimental 
constraints can be found in each relevant chapter where results from the measurement in 
question are presented.
In addition to the experimental information supplied, spectroscopic characterisation data are 
provided for the starting materials which have been employed throughout this research.
2.2 General Mixing Techniques
2.2.1 Samples for Analysis via Dynamic Oscillatory Rhcology
DGEBA and ionic liquid were combined in a speed mixer pot (100 g) and subjected to two 
consecutive mixing periods of two minutes at 2000 rpm. The samples were immediately 
analysed after mixing and the remaining mixture placed in the freezer. These samples were 
prepared and analysed at BASF in Ludwigshafen, Germany.
2.2.2 Samples for Analysis via Dynamic Differential Scanning Calorimetry (DSC), 
Thermogravimctric Analysis (TGA) and Residual Gas Analysis (RGA)
Epoxy (DGEBA or PGE) and ionic liquid were mixed by hand in glass scintillation vials (20 
ml) and immediately analysed. The bulk sample was subsequently stored in the freezer for 
future analyses.
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2.2.3 Samples for Analysis via Dynamic Mechanical Thermal Analysis (DMTA)
DGEBA and ionic liquid were combined in an aluminium pan and mixed by hand. A 
proportion of the bulk mixture {ca. 7 g) was transferred into a second aluminium dish and 
placed directly into an air-eirculating oven (refer to Table 2.2 for curing schedule).
2.2.4 Samples for Analysis via a Gel Timer (GELNORM Instrument
DGEBA and ionic liquid were combined in a glass beaker (100 ml) and mixed by hand for 
120 seconds. A sample {ca. 12 g) was subsequently transferred to a glass test tube for 
analysis.
2.2.5 Samples for Analysis via Nuclear Magnetic Resonance (NMR) Spectroscopy
The samples for analysis {ca. 80 mg) were mixed with deuterated solvent {ca. 0.6 -  0.7 ml) 
and transferred to a NMR tube.
2.3 Preparation of Adducts Comprising Benzaldehyde and Ionic Liquid
2.3.1 Adducts Comprising Benzaldehyde and l-Ethyl-3-methylimidazolium Acetate
Adducts of 1-ethyl-3-methylimidazolium acetate - benzaldehyde were prepared in 1:1, 0.7:1, 
0.5:1 and 0.1:1 ratios. The amount of benzaldehyde (1.637 g) was kept constant whilst the 
amount of 1-ethyl-3-methylimidazolium acetate was varied accordingly to produce the 
different adducts, resulting in weights of 2.622 g, 1.787 g, 1.277 g and 0.255 g for the 1:1, 
0.7:1, 0.5:1 and 0.1:1 adducts respectively. The required amounts of benzaldehyde and 1- 
ethyl-3-methylimidazolium acetate were weighed into a glass scintillation vial and a 
magnetic stirrer bar was added. The mixtures were stirred for approximately 15 minutes at 
room temperature or until a noticeable change in viscosity was observed. The preparation of 
the adducts was adapted from the work by Rogers et al}.
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2.3.2 Preparation of Adduets Comprising Benzaldehyde and l-EthyI-3- 
methylimidazolium Thiocyanate
The required amounts of benzaldehyde (1.637 g) and 1-ethyl-3-methylimidazolium 
thiocyanate (2.611 g) were weighed into a glass scintillation vial and a magnetic stirrer bar 
was added. The mixtures were stirred for approximately 15 minutes at room temperature.
2.4 Preparation of Adducts Comprising Sulphur and l-EthyI-3- 
methylimidazolium Acetate
Sulphur (0.374 g) and 1-ethyl-3-methylimidazolium acetate (2.021 g) were combined in a 
two-neck round bottomed flask with a stirrer bar. The reaction mixture was held at 25 °C for 
5 days. Acetonitrile was subsequently added to the mixture and any unreaeted sulphur filtered 
off under gravity filtration. The acetonitrile was then removed under rotary evaporation. The 
preparation method was adapted from the work by Rogers et al}.
2.5 Thermal Analysis Techniques
2.5.1 Differential Scanning Calorimetry (DSC)
All analyses were performed in aluminium hermetic pans under nitrogen gas at a flow rate of 
50 ml/min; an empty aluminium hermetic pan was used as the reference. The instrument was 
programmed to heat, cool or hold at a specific rate or temperature depending on the 
requirements for the individual sample. All the data were processed using Universal Analysis 
2000 produced by TA Instruments. The specific model employed was a TA Instruments 
QIOOO DSC Analyser with a reported temperature accuracy and precision of 0.1 K and 0.05 
K respectively. The sensitivity of the instrument is defined as 0.2 pW^.
It has been reported throughout the current work that an artefact is present in the data at 
approximately 100 °C. This is believed to be due to water contamination within the DSC cell 
and will therefore be disregarded in any analyses. All data in the current work are reported in 
the exo. up format.
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2.5.2 Dynamic Mechanical Thermal Analysis (DMTA)
In this research a TA Instruments DMA Q800 was employed using a single cantilever clamp 
requiring sample dimensions of 17.5 mm (L) and up to 15 mm (W) and 5 mm (T). The 
instrument was programmed to perform a temperature ramp from ambient temperature to 230 
°C at 5 K/min at a constant strain of 0.1% and a single frequency of 1 Hz.
The tan delta sensitivity and the modulus precision are reported to be 0.0001 and ±1% 
respectively according to the instrument specification and the data were processed using 
Universal Analysis 2000 from TA Instruments^.
2.5.3 Dynamic Oscillatory Rhcology
The samples were analysed using an Anton Paar MCR-300 rheometer with a 25 mm pettier 
plate and disposable aluminium pan set up. The rheometer was operated in oscillation mode 
and samples were subjected to a temperature ramp from 25 °C to 200 °C at 5 K/minute with 
the collection of data set to a frequency of 0.2 minutes. The strain was held constant at 0.5% 
and the normal force programmed to remain at 0 N. All analyses were carried out at BASF, 
Ludwigshafen, Germany.
2.5.4 Thermogravimctric Analysis (TGA)
An empty platinum pan was used to tare the micro-balance within the instrument and 
subsequently the sample (ranging from 3 - 1 0  mg) was loaded into it. The balance was held 
under nitrogen at a flow rate of 50 ml/min and the sample was measured under either air or 
nitrogen depending on the requirements (flow rate 60 ml/min). The analyses were performed 
on a TGA Q500 manufactured by TA Instruments and the data interrogated using Universal 
Analysis 2000. All analyses were carried out in dynamic mode at a prescribed heating rate of 
5 K/min. The sensitivity of the instrument is reported as 0.1 pg and the isothermal 
temperature precision and accuracy as ±0.1 K and ±1 K respectively. It has a reported 
weighing precision of ±0.01%" .^
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2.5.5 Time to Gelation Measurements
An aluminum stamper was inserted into the test tube and subsequently affixed to the moving 
lever within the instrument. The test tube was placed in the furnace and the Ni-Cr-Ni 
thermocouple placed inside the reacting mixture. The instrument was programmed to heat the 
furnace to a specified temperature and then begin moving the aluminium stamper up and 
down. The gel time was recorded at the point at which the test tube was lifted out of the 
furnace by the stamper (due to an increase in the viscosity) causing the optical line of light to 
be broken. The instrument used was a GELNORM (D Geltimer which operates based on DESf 
16945, DIN 16916 and EN 14022^
2.6 Spectral Analysis Techniques
2.6.1 Nuclear Magnetic Resonance (NMR) Spectroscopy
Samples were analysed using a Bruker 300 MHz spectrometer with the analysis consisting of 
16 scans for the ^H NMR spectrum and 100 scans for the NMR spectrum.
In instances where a HSQC spectrum was acquired, a further carbon spectrum was obtained 
prior to the HSQC spectrum which consisted of 200 scans in order to improve the resolution 
for analysing the coupling between the carbon atoms and protons. A COSY spectrum 
consisted of 2 scans. Table 2.1 shows the expected splitting patterns for the deuterated 
solvents^. Data were processed using TopSpin 3.0 produced by Bruker BioSpin.
Table 2.1: Splitting pattern of deuterated solvents^
^H shift (ppm) and split ^^ C shift (ppm) and split
DMSG 2.50 (5) 39.51 (7)
Acetone 2.05 (5)
206.68 (1) 
29.92 (7)
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2.6.2 Attenuated Total Reflectance Infrared (ATR-IR) Spectroscopy
An Agilent Technologies Cary 600 Series Fourier Transform Infrared spectrometer 
employing a golden gate accessory with a diamond crystal was used for all ATR-IR 
spectroscopy analyses. A background spectrum consisting of 32 scans with the golden gate in 
situ was run before all analyses. The resulting spectrum for each sample was taken from an 
average of 32 scans which were recorded in absorbance mode over a spectral range of 600 -  
4000 cm '\ The samples were placed directly onto the sapphire platform and good contact 
between the diamond crystal and sample was checked prior to commencement of analysis. 
The data were processed using Agilent Resolutions Pro.
2.6.3 Raman Spectroscopy
Samples were analysed on a Perkin Elmer System 2000 NIR FT Raman spectrometer, 
initially set up for use in near infrared mode and then calibrated with sulphur for use as a 
Raman spectrometer. The laser power was optimized to achieve the lowest signal to noise 
ratio for each sample and 32 scans were recorded. Samples were typically contained in clear 
glass scintillation vials which allowed the sample to be analysed directly without further 
preparation or, in the case of solid disks, were placed directly onto the sample platform. The 
software used for analysis of the data was Spectrum v 5.3.1.
2.6.4 Residual Gas Analysis (RGA)
The residual gas analyser was connected to the thermogravimctric analyser via a plastic 
capillary tube running from the exhaust pipe of the thermogravimctric analyser to the sample 
detector in the residual gas analyser. The TGA instrument was programmed in the same 
manner as described above and the RGA programmed to collect data every 8 seconds. The 
specific masses of interest were inputted directly into the software.
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2.7 Kinetic Analysis
Kinetic information was obtained via treatment of dynamic DSC data (at different heating 
rates) using both the Ozawa^ and Kissinger^ method.
2.7.1 Ozawa Method
The Ozawa method (Equation 2.1) takes into account the effect of heating rate on the 
activation energy^.
E = — ■1.052 y
/  JL max
Equation 2.1 (adapted from Chandran et a l .f
Where:
Ea = activation energy in kJ/mol
R = universal gas constant (8.314 J mof^K'^)
P = heating rate in K/min
7max= temperature at peak maximum in DSC thermogram in °K
2.7.2 Kissinger Method
The Kissinger method (Equation 2.2) relies on a first order equation which assumes that the 
activation energy and pre-exponential factor remain constant during the reaction. Therefore 
the equation is based on a single data point for each heating rate; the TLax value obtained via 
DSC analysis^’^ .
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Equation 2.2 (adapted from work by Hardis and Kissinger®)
Where:
p  = heating rate in K/min 
Ea = activation energy in kJ/mol
Tmax = temperature at peak maximum in DSC thermogram in K 
R = universal gas constant (8.314 J mol’^ K"^ )
The activation energy and pre-exponential factor are obtained by plotting a graph of 1/Tn 
versus ln(y5/7^ niax) and calculating the gradient of the line and the y-intercept.
2.8 General Curing Programme in Air-Circulating Oven
The curing programme for each initiator is detailed in Table 2.2. These programmes were 
typically used for preparing samples for DMTA.
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Table 2.2: Curing schedule of formulations comprising DGEBA and ionic liquid in an air-circulating
oven
Curing Schedule
40 °C (30 mins)
60 °C (30 mins)
80 °C (30 mins)
1 -ethyl-3-methylimidazolium acetate 100 ""C (30 mins)
120 T  (30 mins)
140 "C (30 mins)
160 T  (60 mins)
160 T  (60 mins)
1-ethyl-3-methylimidazolium diethyl phosphate 180 °C (180 mins)
200 °C (60 mins)
160 °C (60 mins)
1 -ethyl-3-methylimidazolium dicyanamide 180 °C (180 mins)
200 °C (60 mins)
40 ""C (30 mins)
60 °C (30 mins)
80 °C (30 mins)
1 -ethyl-3-methylimidazolium thiocyanate
100 T  (30 mins)
120 T  (30 mins)
140 T  (30 mins)
2.9: Calculation of Crosslink Density
The crosslink density of samples was calculated according to Equation 2.3^ ®.
V = a
RT.
Equation 2.3 (adapted from work by Hamerton et al.) 10
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Where:
V = crosslink density in mol dm'^
Ge = storage modulus (after the sample has reached a plateau) in MPa 
Te = Tg + 50 (taken from the loss modulus data)
R = universal gas constant (8.314 J mof^K’^ )
2.10 Characterisation of Starting Materials
The NMR spectra (in deuterated acetone) for the ionic liquids and epoxies are shown in 
Figures 2.1 and 2.2 respectively. The spectra agree with the assigned structures, consequently 
allowing the materials to be used as received. The four ionic liquids and DGEBA were 
gratefully received from BASF The Chemical Company and PGE was purchased from 
Sigma-Aldrich.
42
JS
a
D,
O ------ Q. =  0
(N
<N
(N
(N m
09 oc oz08
H)c0'Su
OS
1 
£
3
tu
13
.5
03a«
o
ses
13
13s
03
m
-a
CL
9Z OZ
2.11 References
(1) Rodriguez, H.; Gurau, G.; Holbrey, J. D.; Rogers, R. D. Chemical Communications 
2011, 47, 3222.
(2) httv://www. tainstruments.com/ (accessed March 20141
(3) htto://www. tainstruments. com/vroduct. asvx?id=25&n=l &siteid=l 1 (accessed March 
2014).
(4) httv://www. tainstruments. com/vdf/brochur e/2011 %20TGA %20Brochure. yd f  
(accessed March 2014).
(5) httv://www. selinstrumente. ch/en/vrodukte/classic-seltimer/seltimer-stc-1 ( accessed 
March 2014).
(6 ) httv://www.isotoue.com/uoloads/file/nmr solvent data W f(accessed December 
2013).
(7) Chandran, M. S.; Krishna, M.; Rai, S.; Krupashankara, M. S.; Salini, K. ISRN
Polymer Science 2012, 2012, 8 .
(8 ) Kissinger, H. E. Journal o f Research o f the National Bureau o f Standards 1956, 57,
217.
(9) Hardis, R. Graduate Theses and Dissertations 2012, Paper 12608.
(10) Hamerton, I.; McNamara, L. T.; Howlin, B. J.; Smith, P. A.; Cross, P.; Ward, S.
Macromolecules 2014, 47, 1935.
45
Chapter 3 
Physical Characterisation o f  Ionic Liquids and Formulations
3.1 Introduction
Investigation into the physical properties of both the ionic liquids in isolation and as part of 
the formulations (ionic liquid and epoxy) is critical as a means to understanding the reaction 
mechanisms. Accordingly, thermal and mechanical analysis techniques such as DSC, TGA, 
DMTA and rhcology and spectral analysis techniques such as NMR and ATR-IR 
spectroscopy were utilised to both characterise the components of the formulation and the 
resulting material as well as to probe the reaction mechanism.
3.2 Investigation into the Stability of the Initiators
Analysis of the ionic liquids in isolation is required in order to understand the thermal 
stability of the four compounds under investigation, which differ only in terms of the 
structure of the anion (Figure 3.1). Various techniques, including TGA, RGA and NMR 
spectroscopy, were used to investigate both the thermal stability of the materials and examine 
the products resulting from thermal decomposition.
Figure 3.1: Structure of l-ethyl-3-methyIimidazolium (a) acetate, (b) diethyl phosphate, (c) dicyanamide
and (d) thiocyanate
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3.2.1 Investigation of Initiators via Thermogravimetrie Analysis
The four initiators; 1-ethyl-3-methylimidazolium acetate, 1-ethyl-3-methylimidazolium 
diethyl phosphate, 1 -ethyl-3-methylimidazolium dicyanamide and 1 -ethyl-3- 
methylimidazolium thiocyanate (Figure 3.1); were subjected to thermo gravimetric analysis to 
assess the stability of the ionic liquid in air and nitrogen as a function of temperature. The 
thermogravimctric data can be seen in Figure 3.2. The samples {ca. 8-10 mg) were held 
within a platinum pan and ramped up to the specified temperature at 10 K/min. The onset 
temperatures for the observed weight loss steps are summarised in Table 3.1.
-methylimidazolium acetate (nitrogen) 
-methylimidazolium acetate (air) 
-methylimidazolium diethyl phosphate (nitrogen) 
-methylimidazolium diethyl phosphate (air) 
-methylimidazolium dicyanamide (nitrogen) 
-methylimidazolium dicyanamide (air) 
-methylimidazolium thiocyanate (nitrogen) 
-methylimidazolium thiocyanate (air)
320
Temperature (®C)
520 620
Figure 3.2: Dynamic TGA data (air and nitrogen) for l-ethyl-3-methyIimidazolium acetate, l-ethyl-3- 
methylimidazolium diethyl phosphate, l-ethyI-3-methyIimidazolium dicyanamide and l-ethyl-3-
methylimidazolium thiocyanate
The data in Figure 3.2 show that 1-ethyl-3-methylimidazolium acetate undergoes weight loss 
at a lower temperature, in both nitrogen and air, compared with the other ionic liquids. A 
significant weight loss of almost 20 wt. % is seen by approximately 130 °C in air which is 
higher than for the other compounds at the same temperature in air which exhibit weight
47
losses of 17%, 14% and 11% for 1-ethyl-3-methylimidazolium diethyl phosphate, 1-ethyl-3- 
methylimidazolium dicyanamide and 1 -ethyl-3-methylimidazolium thiocyanate respectively. 
It would appear that the nature of the purge gas, namely air or nitrogen, has little to no effect 
on the degradation profile of the initiators overall when the two are compared and only seems 
to impact in the early weight loss step where it can be seen that the samples analysed in air do 
degrade (or possibly evaporate) slightly faster than those analysed in nitrogen. The main 
weight loss step, which occurs much earlier for the acetate counter ion than for the other 
samples, appears to be independent of the purge gas used. The thermogravimctric data for 1- 
ethyl-3-methylimidazolium diethyl phosphate and 1 -ethyl-3-methylimidazolium dicyanamide 
reveal a higher number of weight loss stages than observed for the other samples which 
suggests that either the degradation mechanism of those two samples is more complex or 
there was a non-uniform heating of the sample in the pan.
Table 3.1: Dynamic TGA data (in air and nitrogen) for l-ethyl-3-methylimidazoIium acetate, l-ethyI-3- 
methylimidazolium diethyl phosphate, l-ethyl-3-methylimidazolium dicyanamide and l-ethyI-3-
methylimidazolium thiocyanate
1^' Tonset 1 ' ' weight Tonset 2 " "  Weight Residual
CC) loss (%) (°C) loss (%)
Air Air N2 Air N2 Air N2 Air N2
1 -ethyl-3 -methylimidazolium 
acetate
2 0 2 2 2 0 15 175 177 79 84 1 1
1 -ethyl-3-methylimidazolium 
diethyl phosphate
22 19 17 17 205 206 64^ 67^ 6^ 1 0 '’
1 -ethyl-3 -methylimidazolium 
dicyanamide
18 2 0 14 8 232 245 43^ 46^ 1 3 b 3 7 b
1 -ethyl-3-methylimidazolium 
thiocyanate
2 1 2 1 1 1 9 213 212 87 89 2 2
subsequent weight loss steps occurred degradation was not complete
According to an article addressing frequently asked question regarding ionic liquids, 1-ethyl- 
3-methylimidazolium acetate is reported to undergo a 10% weight loss at 215 This is 
clearly at odds with the data reported in Figure 3.2 where the weight loss at 215 °C is
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reported to be 31%. However, Clough et al}, in agreement with the aforementioned article^, 
reported the onset of weight loss to occur at 214 °C when a synthesised sample was tested in 
triplicate. In this example the weight loss occurred in a single step as shown in Figure 3.3 
(black line)^. In addition, they tested, in triplicate, a commercial sample (produced by BASF) 
and reported the onset temperature of degradation to be 216 °C. The authors of this study had 
employed a drying step prior to the thermo gravimetric analysis whereby the ionic liquid was 
heated to 80 in the thermogravimctric analyser and held for 30 minutes and subsequently 
allowed to cool back to room temperature before the start of the analysis. This was due to the 
observation that during the weighing out procedure, an amount of water, which was not 
greater than 5 wt. %, was absorbed from the atmosphere. This extra drying step occurred after 
the initial drying of the ionic liquid under high vacuum. In addition, Clough et al? reported 
that thermogravimctric analysis under a compressed air atmosphere yielded the same onset of 
degradation temperature (216 °C) as the analysis performed under a nitrogen atmosphere. 
This is in agreement with the data observed in the current work, as highlighted previously 
(Figure 3.2), which implies that the degradation does not proceed via a combustion or 
oxidation step^.
The more complex degradation profile of 1-ethyl-3-methylimidazolium dicyanamide (Figure 
3.2) was also seen by MacFarlane et al?. The authors reported that the onset of 
decomposition occured at 275 °C (under N2 ) compared with an observed value of 245 °C in 
the current work. An initial weight loss at ca. 20 °C was not observed in the work by 
MacFarlane et al? which was very likely due to the drying step the authors employed before 
the analysis. The TGA was carried out under the same reaction conditions as the current work 
with the exception of using aluminium pans in contrast to platinum pans.
The evidence suggests that the two-step weight loss degradation pathway observed in Figure
3.2 for all samples is very likely to be due to the loss of water which has been absorbed by 
the sample from the atmosphere. This leads to the conclusion that the differences observed in 
the thermal stability of the samples is due to the different anions present.
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Figure 3.3: Dynamic TGA data for l-ethyl-3-methyIimidazoIium acetate -  black line (graph taken from
work by Clough et a l .f
3.2.2 Investigation of Initiators via Residual Gas Analysis (RGA)
It has been reported that one route of degradation of ionic liquids is via dealkylation of the 
imidazolium ring"^ '^ . If this were apparent, it could very well provide a route for initiation of 
the epoxy ring via a dealkylated nitrogen atom.
1 -Ethyl-3-methylimidazolium acetate
The masses of interest scanned for in the RGA instrument are shown in Figure 3.4. The 
masses were selected based on the possible degradation pathways, namely dealkylation and 
carbene formation, which were discussed in Chapter 1. Additional information regarding the 
parameters used for RGA can be found in Chapter 2.
Figure 3.5 reveals the results obtained during a scan for a fragment of m!z 74 which 
corresponds to dealkylation at the nitrogen atom with a methyl substituent to yield methyl 
acetate. There is a significant deviation of the intensity line from the baseline which occurs 
during the isothermal period at 150 °C; this coincides with the main weight loss observed in 
the TGA data.
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mlz 96 mlz 74
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carbene formation 
 ►
OH
miz 1 1 0 m!z 60
Figure 3.4: Masses of interest scanned for in residual gas analysis of l-ethyI-3-methyIimidazolium acetate
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Figure 3.5: RGA data for l-ethyI-3-methyliiiiidazolium acetate scanned for a fragment of mlz 74
Comparison with work by Clough et al.^ reveals that a similar experiment involving a TGA- 
MS instrument setup employing high purity helium as the carrier gas and a 70 eV ionisation 
energy exhibited a peak in the mass spectrum corresponding to an ion with a mlz value of 74 
(Figure 3.6). A larger mass of sample (20 -  60 mg) was used in the study compared with ca. 
9 mg in the current work which explains why the intensity of the peak is considerably higher 
in Clough’s^  study. Additionally, the peak at m!z 74 coincides with the onset of the main 
degradation step (Figure 3.6). This is not observed in the present data where the peak is seen 
at approximately 150 °C after isothermal periods at various temperatures which are well 
below the main degradation temperature. If the data from the DSC and the TGA-RGA 
techniques are compared then it can be seen that the high temperature peak in the DSC data 
corresponds well with the potential dealkylation step as both occur at approximately 150 °C. 
Owing to different time scales for the analyses, it is not possible to plot all the data in a single 
graph, however, reference to Figure 3.58 (kinetic data) demonstrates the occurrence of a high 
temperature peak within the appropriate range.
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Figure 3.6: Dynamic TGA-MS data for l-ethyl-3-methylimidazoIium acetate (graph taken from study by
Clough et al.)
No other significant deviations from the baseline were observed for the other masses of 
interest, possibly due to the small sample size that was used. Clough et al.^, however, sought 
to identify ions of the same m/z ratio as listed in Figure 3.4, although they acknowledged that 
the parent ion may not be seen as a result of fragmentation of the ions due to the harsh 
conditions used during electron ionisation mass spectrometry. Consequently, with reference 
to the National Institute of Standards and Technology Chemistry WebBook*^ to identify 
expected fragmentation products, it was reported that a peak observed at m/z 59 could be 
attributed to [CH3 C0 2 ]  ^ which is reportedly a known fragment of methyl acetate. 
Additionally, a small peak at m/z 8 8  was observed which was attributed to ethyl acetate. The 
presence of a peak at m/z 60 indicated acetic acid was present as neither methyl acetate nor 
ethyl acetate or their respective fragments are expected to give rise to such a peak^’*^ . It 
should be noted that no significant peaks corresponding to 1 -methylimidazole {m/z 82), 1 - 
ethylimidazole {m/z 96) or the carbene (m/z 110) were observed either by Clough et al.^ or in 
the current work, which would imply that these degradation products are not present in the 
gas phase.
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3.2.3 Investigation of Initiators via Nuclear Magnetic Resonance (NMR) Spectroscopy
Further to the investigation of the initiators using the RGA technique, NMR spectroscopy 
was employed to observe whether, spectrally, dealkylation could be observed within the ionic 
liquid. Consequently, samples of ionic liquid {ca. 5 g) were heated in open glass scintillation 
vials on a hot plate to approximately 150 °C. Subsequently a lid was placed on the sample 
and it was allowed to cool back to room temperature. A sample {ca. 1 ml) was then placed in 
a NMR tube (in the absence of deuterated solvent) for analysis.
1-Ethyl-3-methylimidazolium acetate
The NMR spectra are shown in Figure 3.7 where the heated ionic liquid is represented by 
the red spectrum and the blue spectrum corresponds to a fresh sample of 1-ethyl-3- 
methylimidazolium acetate. Owing to the absence of the deuterated solvent, it was not 
possible to lock the sample. The fresh sample (Figure 3.7) shows a very similar spectrum to 
that shown in Chapter 2 (Figure 2.1) which suggests that the inability to lock the sample did 
not cause any marked shifts in the data. Consequently, the spectrum obtained for the heated 
ionic liquid can be compared with the fresh sample to reveal that, whilst all the starting 
material peaks remain, there are additional, weaker peaks which occur in the regions 6.5 -  8.0 
ppm, 3.0 -  4.0 ppm and 1.0 ppm. If the RGA data are considered, it was suggested that 
decomposition products such as methyl acetate, ethyl acetate and acetic acid were present in 
the sample in gaseous form. As this sample was heated ex-situ on a hot plate, such 
decomposition products would not be expected to remain in the mixture and, instead, the 
products remaining after dealkylation (1-methylimidazole and 1-ethylimidazole) would be 
expected to be present.
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Figure 3.7: ’H NMR spectra (unlocked) of a heated sample of l-ethyl-3-methyIimidazoIium acetate (red)
and a fresh sample (blue)
Reported literature NMR speetra of 1-methylimidazole and 1-ethylimidazole in deuterated 
chloroform, analysed on a 90 MHz NMR spectrometer, are shown in Figures 3.8 and 3.9 
respectively'^ and the shifts are summarised in Table 3.2".
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ppm
Figure 3.8: H NMR spectrum of 1-methylimidazole in deuterated chloroform (taken from Spectral
Database for Organic Compounds)^^
ppm
Figure 3.9: H NMR spectrum of 1-ethylimidazole in deuterated chloroform (taken from Spectral
Database for Organic Compounds)*^
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Table 3.2: H NMR shift assignments for 1-methylimidazole and 1-ethylimidazole in deuterated
chloroform (values taken from Spectral Database for Organic Compounds)^^
Compound Proton Shift (ppm)
1 7.011
1 -methylimidazole
2 6.863
3 3.641
4 7.385
1 7.018
2 6.913
1-ethylimidazole 3 3.952
4 1.408
5 7.450
It can be observed from Figure 3.7 that the peaks at 6.5 -  8.0 ppm exhibit strong similarities 
to the peaks at 6.9, 7.0 and 7.4 ppm, which correspond to the protons on the imidazolium ring 
in 1-methylimidazole. Additionally, the peaks in the range 3.0 -  4.0 ppm in Figure 3.7 could 
well be indieative of the peaks at 4.0 ppm in 1-ethylimidazole. The triplet corresponding to 
the methyl group of the ethyl chain in 1-ethylimidazole may well be observed in Figure 3.7 at 
ca. 1.0 ppm.
If the NMR spectra (Figure 3.10) are considered, purely on a comparative basis due to the 
fact that they are not of a high enough resolution for any meaningful assignment, it ean be 
seen that, again, there is good agreement between the heated sample speetrum and the 
literature NMR speetra of 1-methylimidazole and 1-ethylimidazole which are shown in 
Figures 3.11 and 3.12 respectively^\ The boxed areas (Figure 3.10) show the new peaks that 
have emerged in the NMR spectrum after heating the sample and it ean be seen that they 
are comparable to the three carbon atoms of the imidazole ring in both 1-methylimidazole 
and 1-ethylimidazole and the two carbon atoms of the ethyl chain in 1-ethylimidazole. The 
shifts are summarised in Table 3.3
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Figure 3.10: C NMR spectra (unlocked) of a heated sample of l-ethyI-3-methyIimidazolium acetate (red)
and a fresh sample (blue)
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Figure 3.11: NMR spectrum of 1-methyIimidazoIe in deuterated chloroform (taken from Spectral
Database for Organic Compounds)
100180 140 120 80 60 40 20200 160
ppm
Figure 3.12: NMR spectrum of 1-ethyIimidazoIe in deuterated chloroform (taken from Spectral
Database for Organic Compounds)
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Table 3.3: NMR shift assignments for 1-methylimidazole and 1-ethyIimidazole in deuterated
chloroform (values taken from Spectral Database for Organic Compounds)”
Compound Carbon Shift (ppm)
1 120.20
1 -methylimidazole
2 129.17
3 33.14
4 137.79
1 118.49
2 129.16
1-ethylimidazole 3 41.63
4 16.30
5 136.54
Clough et al? performed a similar experiment where a sample of 1-ethyl-3- 
methylimidazolium acetate was heated to 120 °C in a thick-walled, sealed NMR tube and 
held isothermally for 12 hours. Upon cooling the sample to room temperature, several new 
peaks were observed in the region 6.10 -  7.40 ppm which were attributed to 1- 
methylimidazole and 1-ethylimidazole. Additionally an observed triplet at 0.69 ppm was 
assigned to the terminal methyl group of the ethyl chain in 1-ethylimidazole. Interestingly, no 
new peaks were observed in the spectra which were taken every 30 minutes during the 
isothermal period at 120 °C; a finding which was rationalised by the fact that the 
decomposition products may well have been present in the gas phase. The analysis was 
performed in the absence of a deuterated solvent, however two samples spiked with a small 
amount of 1-methylimidazole and 1-ethylimidazole respectively with a deuterated DMSO 
capillary insert were run as control experiments to determine the chemical shifts of the ionic 
liquids and the decomposition products.
3.2.4 Concluding Remarks on Initiator Investigation
The preceding work has concentrated on investigating the effect of heat on imidazolium 
based ionic liquids. The prominent finding from these analyses was the fact that dealkylation 
occurs to yield 1-methylimidazole and 1-ethylimidazole in samples of 1-ethyl-3-
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methylimidazolium acetate which have been heated to approximately 150 °C as evidenced by 
the NMR spectral data. Comparison with the literature has confirmed that this process is 
known to occur albeit under different reaction conditions and temperatures^’"^. The 
comparison of the TGA-RGA data with the DSC data reveals that the high temperature peak 
(at approximately 150 °C in the DSC data) coincides with the proposed dealkylation step. 
This leads to the conclusion that one mechanistic route does, indeed, involve direct attack of 
the nitrogen atom on the epoxy ring after a dealkylation process has occurred. This is 
believed to result at high temperatures and is not thought to be a major reaction, due to the 
enthalpic value associated with the peak in the DSC data and the temperature at which it 
occurs.
3.3 Physical Characterisation of Formulations Comprising Epoxy and Ionic 
Liquid
The completion of the investigation into the initiators allowed the research to move into 
analysis of formulations {i.e. ionic liquid/epoxy mixtures). Thermal analysis techniques were 
used to investigate the physical changes which occur as a result of applying heat to the 
mixtures as well as spectral analysis techniques to probe the chemical changes which occur.
3.3.1 Investigation of Formulations via Dynamic Differential Scanning Calorimetry 
(DSC)
The ionic liquid (0.25 g) was mixed with DGEBA (5 g) in clear glass scintillation vials. A 
sample {ca. 2-8 mg) was taken for DSC analysis which implemented a heat-cool-heat cycle 
from 25 °C to 200 °C at 10 K/min. The enthalpy value associated with the curing reaction 
(heat 1) and the glass transition temperature range (heat 2) were measured. The thermogram 
displaying the data obtained during the first heating cycle is shown in Figure 3.13, from 
which it is clear that the anions significantly influence the reaction in terms of onset 
temperature. It is interesting to note that all thermograms, to some extent, suggest that at least 
two reaction steps occur during the heating cycle. This is evidenced by a low temperature 
shoulder which occurs on the main peak in the ease of 1-ethyl-3-methylimidazolium acetate 
and 1-ethyl-3-methylimidazolium thiocyanate, or a discrete peak as in the example of 1-
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ethyl-3-m ethylim idazolium  dicyanam ide. 1-E thyl-3-m ethylim idazolium  diethyl phosphate 
differs from  the others in terms o f  its exotherm ic profile in that the enthalpic value is 
considerably low er (Table 3.4) and only one peak is seen. H ow ever, it is clear that the 
reaction is incom plete, g iven  that the second heating cycle y ields an exotherm ic peak rather 
than a glass transition. Subsequent analyses on sam ples containing 1-ethyl-3- 
m ethylim idazolium  diethyl phosphate, w hich  w ill be discussed  in Figure 3 .26, revealed an 
exotherm ic peak w ith a Tkiax value o f  280  °C w hich  strongly suggests that this is the second  
reaction and the broad peak observed at approxim ately 135 °C is akin to the shoulder peak or 
first peak observed in the other sam ples.
 1-ethyl-3-methylimidazolium acetate
 1-ethyl-3-methylimidazolium diethyl phosphate
 1-ethyl-3-methylimidazolium dicyanamide
 1-ethyl-3-metliylimidazolium thiocyanate
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Temperature (°C)
Figure 3.13: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyI-3- 
methylimidazolium acetate (0.25 g), l-ethyl-3-methyIimidazoIium diethyl phosphate (0.25 g), l-ethyl-3- 
methylimidazolium dicyanamide (0.25 g) and l-ethyl-3-methyIimidazolium thiocyanate (0.25 g)
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Table 3.4: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyl-3- 
methylimidazolium acetate (0.25 g), l-ethyl-3-methylimidazolium diethyl phosphate (0.25 g), l-ethyI-3- 
methylimidazolium dicyanamide (0.25 g) and l-ethyl-3-methylimidazolium thiocyanate (0.25 g)
1-ethyl-3- Tmax Onset Endset Enthalpy Onset T, Endset
methylimidazolium m m CC) (J/g) TgCC) m TgCC)
acetate 114 64 187 475 141 151 164
diethyl phosphate 135,280* 109 / / / / /
dicyanamide 142,180 122 198 474 162 175 184
thiocyanate 121 72 192 485 152 163 174
taken from sample referenced in Figure 3.26 / not determined
If the TGA data acquired (in nitrogen) for each initiator are compared with the DSC data for 
the initiator/DGEBA formulation it can be inferred that the curing reaction is initiated and 
completed (with the exception of 1-ethyl-3-methylimidazolium diethyl phosphate) before any 
major degradation of the ionic liquid occurs (Figures 3.14-3.17). This also suggests that no 
significant decomposition of the imidazolium ring occurs during the initiation process.
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Figure 3.14: Comparison of dynamic DSC and TGA data for a freshly mixed formulation comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g)
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Figure 3.15: Comparison of dynamic DSC and TGA data for a freshly mixed formulation comprising
DGEBA (5 g) and l-ethyl-3-methyIimidazolium diethyl phosphate (0.25 g)
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Figure 3.16: Comparison of dynamic DSC and TGA data for a freshly mixed formulation comprising 
DGEBA (5 g) and l-ethyI-3-methyIimidazoIium dicyanamide (0.25 g)
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Figure 3.17: Comparison of dynamic DSC and TGA data for a freshly mixed formulation comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium thiocyanate (0.25 g)
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3.3.2 Investigation of Formulations via Dynamic Oscillatory Rhcology
The investigation of formulations using rheology allows key information such as the gel point 
and vitrification point temperature of the sample to be measured.
DGEBA (20 g) and ionic liquid (1 g) were mixed together for two consecutive periods of 2 
minutes at 2500 rpm. Samples were then immediately analysed according to the parameters 
detailed in the Experimental Chapter; the resulting data are shown in Figure 3.18.
10000000
1000000
100000  -
10000  -
1000
-, 100
10  -
1 -
0.1
▲ 1-ethyl-3-methylimidazolium 
acetate (storage modulus)
1 -ethyl-3 -methylimidazolium 
acetate (loss modulus)
A l-ethyl-3-methylimidazolium 
dicyanamide (storage modulus)
1 -ethyl-3-methylimidazolium 
dicyanamide (loss modulus)
0.01
25
♦ 1 -ethyl-3 -methylimidazolium 
thiocyanate (storage modulus)
1 -etliyl-3 -methylimidazolium 
thiocyanate (loss modulus)
105 125
Temperature (®C)
Figure 3.18: Dynam ic oscillatory rheology data for freshly mixed form ulations com prising DG EBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate (1 g), l-ethyl-3-m ethylim idazolium  dicyanam ide (1 g) and 1-
ethyl-3-m ethylim idazolium  thiocyanate (1 g)
It can be seen from Figure 3.18 that, in the same way as the DSC data (Figure 3.13) reveal 
differences in terms of the onset temperature, the temperature at which the gel point is 
reached varies considerably. The sample containing 1-ethyl-3-methylimidazolium 
dicyanamide exhibits the highest gel point temperature whereas the 1-ethyl-3- 
methylimidazolium acetate containing sample exhibits the lowest which follows the trend of 
the DSC data. The initial viscosity of the sample containing 1-ethyl-3-methylimidazolium
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dicyanamide is considerably lower than for the other two samples which is expected due to 
the reported low viscosity of ionic liquids comprising the dicyanamide anion^^. The 
vitrification points, which were determined for the acetate and thiocyanate ionic liquids, were 
shown to differ by approximately 7 °K. All values are summarised in Table 3.5.
Table 3.5: Dynamic oscillatory rheology data for freshly mixed formulations comprising DGEBA (20 g) 
and l-ethyl-3-methylimidazolium acetate (1 g), l-ethyl-3-methylimidazolium dicyanamide (1 g) and 1-
ethyl-3-methylimidazolium thiocyanate
Initial viscosity Gel point Vitrification
(Pa.s) Cc) point (°C)
1 -ethyl-3-methylimidazolium acetate 8.47 103 110
1 -ethyl-3-methylimidazolium dicyanamide 3.42 165 -
1 -ethyl-3-methylimidazolium thiocyanate 7.58 112 117
- not determined
The vitrification point for the dicyanamide containing sample was not reported as no clear 
peak was observed in the loss modulus curve. The loss moduli are seen to decrease for all 
samples in the early stage of the analysis due to the fact that the increase in temperature 
causes a decrease in viscosity prior to any reaction. Upon initiation of the reaction, both the 
storage and loss modulus begin to increase until the storage modulus becomes greater than 
the loss modulus, indicating that the point of gelation has been reached^^. If the gel point is 
compared with the DSC data reported later in this chapter (Figures 3.58 -  3.60) where the 
scan rate is 5 K/min, it can be seen that the gel point occurs after the shoulder or the first peak 
is completed and at broadly the same temperature as the Tkiax value of the main exothermic 
peak.
3.3.3 Investigation of Formulations via Gel Time Measurements
An instrument designed to measure the gel time of a system (GELNORM® -  Gel Timer) "^  ^
was subsequently used to study various formulations at 50 °C with the data reported in Table 
3.6. The test parameters can be found in the Experimental Chapter.
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Table 3.6: Data obtained via gel time measurements at 50 ”C for formulations comprising DGEBA (20 g) 
and l-ethyl-3-methylimidazolium acetate (1 g), l-ethyl-3-methylimidazolium dicyanamide (1 g) and 1-
ethyl-3-methylimidazolium thiocyanate (1 g)
Gel time Fmax Time to Tmax
(mins) m (mins)
1 -ethyl-3-methylimidazolium acetate 94 54 95
1 -ethyl-3-methylimidazolium dicyanamide >480 - -
1 -ethyl-3-methylimidazolium thiocyanate 206 52 78
- not determined
To probe the observation that the material reached its gel point after the reaction 
corresponding to the low temperature shoulder peak was completed, but before the main 
exothermic peak finished, a sample of 1-ethyl-3-methylimidazolium acetate (0.25 g) and 
DGEBA (5 g) was mixed and an aliquot (2.5 mg) taken for DSC analysis. The sample was 
ramped to 50 °C at 10 K/min and then held isothermally for 90 minutes to replicate the 
conditions of the gel timer instrument. The same pan was subsequently rescanned in a 
separate run at 10 K/min from 20 °C to 200 °C with the results shown in Figure 3.19.
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Figure 3.19: Dynamic and isothermal DSC data (heat 1) for formulations comprising DGEBA (5 g) and 1- 
ethyl-3-methylimidazoIium acetate (0.25 g) which have been freshly mixed, previously heated to 50 “C and
held isothermally at 50 ”C
The sample which was held isothermally at 50 °C is plotted as a function of time (green 
trace), whereas the other samples are plotted as a function of temperature. It can be seen that 
over the isothermal period of 90 minutes the heat flow does show a slight upwards trend, 
indicating an exothermic reaction. However, a rescan of the same pan reveals that, although 
the shoulder peak has been lost, the major exothermic reaction still occurs although it has a 
lower enthalpic value. This supports the observation that the gel point is reached before the 
second reaction has been completed. It is probable that at a low temperature the sample will 
vitrify, which is likely to occur in the time to gelation experiments.
In a separate experiment, a sample (12 g) of a DGEBA (20 g) and 1-ethyl-3- 
methylimidazolium acetate (1 g) formulation was heated to 80 °C in the gel timer instrument. 
Owing to the exothermic nature of the reaction, the gel point was reached in 4 minutes and a 
Tmax value of 275 °C was recorded at a time of 5 minutes. The sample was removed from the 
instrument before the end of the post-reaction recording time as a significant amount of 
smoke was evolved and therefore the TEax temperature could well have increased. The rapid
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increase in the exothermic enthalpy value was due primarily to the rate at which the sample 
was heated and the mass of the sample (12 g) which allowed an exotherm to build up quickly 
within the sample. The work carried out by researchers within BASF reported a pot life of 10 
minutes at 80 °C for a sample of 1-ethyl-3-methylimidazolium acetate (5 parts by weight) 
mixed with DGEBA (100 parts by weight) when measured using a GELNORM®-RVN 
Topfzeitmessgerats instrument operating according to DIN 16 945^ "^ . It is possible that the 
sample was heated more slowly in the work carried out at BASF which would have allowed a 
more accurate assessment of the gel time. It is, however, critical to consider the potential 
dangers of an uncontrolled exotherm, which has severe implications for use in an industrial 
application.
N.B. DIN 16945 defines the pot life as the point at which the sample exhibits a 5% increase in 
viscosity compared with the starting value. This is calculated by measuring the relative 
viscosity through the change in power required over time for a spindle probe inserted in the 
sample to rotate "^^ .
3.3.4 Investigation of Formulations via Dynamic Mechanical Thermal Analysis (DMTA)
The use of DMT A allows interrogation of the mechanical responses of a sample as a function 
of temperature. The sample preparation details can be found in the Experimental Chapter, 
although the curing schedule is presented in Table 3.7 for reference. All samples contained 
DGEBA (20 g) and ionic liquid (1 g).
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Table 3.7: Curing schedule of formulations comprising DGEBA and l-ethyl-3-methylimidazolium  
acetate, l-ethyl-3-methylimidazolium diethyl phosphate, l-ethyl-3-methylimidazolium dicyanamide and 
l-ethyl-3-methylimidazolium thiocyanate in an air-circulating oven
Cure Schedule
40 °C (30 mins)
60 °C (30 mins)
80 °C (30 mins)
1 -ethyl-3-methylimidazolium acetate 100 T  (30 mins)
120 T  (30 mins)
140 T  (30 mins)
160 °C (60 mins)
160 °C (60 mins)
1-ethyl-3-methylimidazolium diethyl phosphate 180 °C (180 mins)
200 °C (60 mins)
160 °C (60 mins)
1 -ethyl-3-methylimidazolium dicyanamide 180 °C (180 mins)
200 °C (60 mins)
1 -ethyl-3-methylimidazolium thiocyanate
40 °C (30 mins) 
60 °C (30 mins) 
80 °C (30 mins) 
100 °C (30 mins) 
120 °C (30 mins) 
140 T  (30 mins)
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Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate
The loss modulus (Figure 3.20) data show that the material undergoes at least two transitions 
as a function of the temperature ramp.
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Figure 3.20: DMT A data for formulations comprising DGEBA (20 g) and l-ethyI-3-methyIimidazolium  
acetate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
The highest storage modulus value is seen to occur in the sample which has been cured for 
the shortest time at the lowest temperature, however the value is seen to decrease rapidly as a 
function of temperature in a single transition indicating a relatively uniform network. The 
samples which have reached 140 °C and 160 °C in the curing programme exhibit very similar 
profiles and are both observed to undergo more pronounced lower temperature beta 
transitions before going through the glass transition temperature at a similar temperature 
which is indicative of different areas of network formation giving rise to different transitions 
due to the different stages the samples are at in the curing programme (Table 3.7). The fact 
that both the 140 °C sample and the 160 °C sample exhibit very similar curves suggests that 
the network growth is very similar and does not change markedly during the dwell period at
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160 °C. The fact that the 80 °C sample does not exhibit a peak at this temperature, despite 
reaching 230 °C within the instrument, suggests that the network structure giving rise to the 
peak at approximately 122 °C develops slowly within the dwell periods and is not achieved 
during a temperature ramp to 230 °C at 5 K/min.
The tan delta curves, shown in Figure 3.21, reveal that the 80 °C sample exhibits a 
considerably higher damping ability than the other samples and a lower glass transition 
temperature. This implies that the material is not as heavily crosslinked as the other samples 
which is expected due to the ineomplete cure. A DSC scan of the samples that had been cured 
in the oven revealed that the sample which had been heated to 80 °C (30 minutes at 40, 60 
and 80 °C) still showed an exothermic peak at approximately 150 °C. The samples which had 
been heated to 140 °C and 160 °C respectively did not exhibit an exothermic peak during the 
first heating cycle (Figure 3.22). A comparison of the exothermic enthalpy value for a freshly 
mixed sample (Table 3.10, kinetic data) with the exothermic enthalpy value for the 80 °C 
sample revealed that the sample was 95% cured.
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Figure 3.21: Tan delta data for formulations comprising DGEBA (20 g) and l-ethyl-3-methyIimidazolium  
acetate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
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Figure 3.22: Dynamic DSC data for formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate (1 g) previously cured in an air-circulating oven according to the schedule in
Table 3.7
Peak fitting analysis, using Grams software (produced by Thermo Seientifie)^^, w as carried 
out on the D SC  trace for the freshly m ixed  sam ple w ith  the results from this analysis show n  
in Figure 3.23. It can be seen  that the four fitted G aussian peaks fit the original trace very  
w ell w ith  little or no discernible residual data. Peak 4, w hich  accounts for the h igh  
temperature reaction, is show n to have a Tmax value o f  approxim ately 135 °C w hich  is low er  
than the Tmax value for the sam ple w hich  has been cured in the oven  up to 80 °C (Figure 
3.22). H ow ever, it w ould be im possib le to correlate these peaks exactly as the peak fitting  
suggests that the reactions occur sim ultaneously and, hence, are not discrete reactions w hich  
can be isolated. The general shape o f  the fitted peak and that o f  the sam ple peak are very  
similar and it can be suggested that the distinct peak observed in the 80 °C sam ple is 
characteristic o f  the sam e process w hich occurs at approxim ately 150 °C in a dynam ic D SC  
scan w hich, by referring to the R G A data (Figure 3.5), is indicative o f  the dealkylation  
reaction. The sample w hich  w as heated to 50 °C and subsequently rescanned (Figure 3 .19) 
revealed a peak w hich no longer included a shoulder yet, w hen compared w ith the dynam ic  
scan, suggested that the reaction responsible for the main peak clearly started before the first
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reaction w as com plete. This is also supported by the peak fitting w hich  suggests that peak 2 
occurs at approxim ately the Jmax value o f  the first peak.
The observed d ifferences in the storage and lo ss m oduli profiles betw een the 80 °C sample 
and the 140 and 160 °C sam ples (Figure 3 .20) clearly im ply that the high temperature peak  
observed in Figure 3 .22 (sam ple cured up to 80 °C) has a significant impact on the 
crosslinking observed. This is also supported by the considerably higher damping ability o f  
the sam ple w hich  has been cured at a low er temperature (Figure 3.21). This suggests that the 
proposed dealkylation m echanism  involving the acetate anion contributes to a m ore h ighly  
crosslinked system , as evidenced by the increase in  glass transition temperature, yet results in  
a change in the network properties w hich  can be seen by the low er storage m odulus revealed. 
It is not believed  that any marked changes occur w ithin the network betw een 140 and 160 °C 
due to the very similar m oduli profiles observed in Figure 3.20.
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Figure 3.23: Peak fitting analysis of dynamic DSC data for a freshly mixed formulation comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g)
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Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium diethyl phosphate
The m oduli (Figure 3 .24) are show n to exhibit a similar profile for the sam ples although the 
transitions in the 200 °C sam ple are shifted to higher temperatures. The storage m odulus is 
seen to be larger for the sam ple w hieh  has been cured for the shorter length o f  tim e in the 
early part o f  the analysis, how ever, is seen  to drop dramatically as the temperature is 
increased. The sam ple w hich  has com pleted the curing program me is seen  to undergo a m uch  
more gentle decrease in storage m odulus, w hieh is indicative o f  a beta transition, before its 
main glass transition temperature w hieh  is accom panied by a more significant drop in the 
storage m odulus. This im plies that the crosslinking increases as the temperature is increased.
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Figure 3.24: DMTA data for formulations comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium  
diethyl phosphate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
The tan delta curves (Figure 3 .25) show  that the damping ability o f  the sam ple w hich  has 
been cured for a shorter period o f  tim e is higher whieh im plies the sam ple has a more 
viscoelastic network; potentially due to a low er degree o f  crosslinking in the sam ple. The 
Tmax value occurs at a low er temperature for the less cured sam ple w hich  supports the theory
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that the sam ple does not contain as many crosslinks. The presence o f  tw o peaks in the tan 
delta curves suggests that both sam ples contain areas o f  different network m orphology.
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Figure 3.25: Tan delta data for formulations comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium  
diethyl phosphate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
The sam ple w hich  w as cured up to 160 °C w as subsequently rescanned using D S C  to check  
for any residual exotherm; an exotherm ic peak occurred w ith  a Jkax value o f  280  °C (Figure 
3.26). I f  this thermogram is compared w ith that for the freshly m ixed sam ple (Figure 3 .13) it 
can be seen  that the first peak (Tmax = 1 3 5  °C) is lost after the sam ple has been cured at 160  
°C for 60 m inutes. The remaining exotherm ic peak is likely  to be the m ain peak w hich  is 
observed in sam ples em ploying different initiators. The crosslink density values o f  the 180 °C 
sam ple and the 200 °C sam ple were calculated to be 0.0051 and 0 .0092  m ol dm'^ 
respectively. The increase in crosslink density is consistent with the increase in glass 
transition temperature values as the cure temperature is increased.
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Figure 3.26: Dynamic DSC data for formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium diethyl phosphate (1 g) previously cured in an air-circulating oven according to the
schedule in Table 3.7
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium dicyanamide
The storage and loss m oduli (Figure 3 .27) show  very sim ilar profiles for all three sam ples 
irrespeetive o f  eure temperature, although, the 180 °C has a low er storage m odulus at the 
beginning o f  the measurement. It is not elear w hy this sam ple should have a low er m odulus 
eompared w ith the sam ples w hieh  have been  eured at 160 °C and 200  °C and the 
measurements w ould  need to be repeated before any further eonclusions are drawn, how ever  
the difference is not believed  to be significant. The first decrease in the storage m odulus is 
attributed to a beta transition whereas the second more prominent drop is characteristic o f  the 
glass transition temperature. The tan delta data (Figure 3 .28) reveal a narrower peak for these  
sam ples than for sam ples initiated w ith different ionic liquids. The narrower peaks suggest a 
smaller w in dow  o f  v iscoelastic  behaviour w ithin the sam ple and show  that the glass transition  
temperature occurs at higher temperatures than for other ionic liquids w hich  is in agreem ent 
with the D SC  data.
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Figure 3.27: DMTA data for formulations comprising DGEBA (20 g) and l-ethyI-3-methyIimidazoIium 
dicyanamide (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
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Figure 3.28: Tan delta data for formulations comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium
dicyanamide (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
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In contrast to the 1-ethyl-3-methylimidazolium acetate and 1-ethyl-3-methylimidazolium 
diethyl phosphate samples, there was no residual exothermic cure (analysis by DSC) after the 
sample had been held at 160 °C for 60 minutes. The similarity in moduli profiles indicates 
that the samples do not alter markedly in terms of network structure after 160 °C.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium thiocyanate
The DMTA data for samples initiated with 1-ethyl-3-methylimidazolium thiocyanate (Figure 
3.29) reveal very little difference in the profiles of the storage modulus and loss modulus 
after different time periods at different temperatures in the oven. This is in stark contrast to 
the 1-ethyl-3-methylimidazolium acetate samples where the sample cured up to 80 °C showed 
a significant difference in terms of the glass transition temperature and the decrease in the 
storage modulus value. The starting storage modulus of the sample cured to 80 °C is higher 
than for the other samples although the values converge upon passing through the glass 
transition. At this point there is a corresponding peak in the loss moduli whieh occurs at 
broadly the same temperature for all samples.
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Figure 3.29: DM TA data for form ulations com prising DGEBA (20 g) and l-ethyl-3-m ethyIim idazolium  
thiocyanate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
This is highlighted in the tan delta curves (Figure 3.30) where the data exhibit broadly the 
same glass transition temperature range and damping ability and no residual exotherm is 
observed when the cured sample is analysed using DSC. This suggests that the curing 
reaction is complete, or has neared completion, after curing at 80 °C (Table 3.7) and no 
significant changes occur within the network which is in contrast to other samples. These 
data imply that the final network morphology is established rapidly when an epoxy is 
initiated with 1-ethyl-3-methylimidazolium thiocyanate which is not the ease for the other 
ionic liquids whieh suggests that this ionic liquid proceeds via a single mechanistic pathway. 
This would appear unlikely to occur in the case of 1-ethyl-3-methylimidazolium acetate.
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Figure 3.30: Tan delta data for form ulations com prising DGEBA (20 g) and l-ethyl-3-m ethylim idazolium  
thiocyanate (1 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
3.3.5 Concluding Remarks on Physical Characterisation of Formulations Comprising 
Epoxy and Ionic Liquid
Thermal analysis techniques including DSC, rheology and DMTA have revealed some 
interesting information regarding the ionic liquid/epoxy formulations. 1-Ethyl-3- 
methylimidazolium dicyanamide containing formulations are shown to have considerably 
higher onset temperatures than the other formulations; the observation corresponds well with 
the markedly higher decomposition temperature of the ionic liquid (Figure 3.2), although 
DMTA experiments have revealed that the moduli follow broadly the same profile regardless 
of the stage the sample is at in the curing programme (Table 3.7). Formulations containing 1- 
ethyl-3-methylimidazolium actetate display the lowest onset temperatures (Figure 3.13) and 
the lowest gel point temperatures from rheology measurements (Figure 3.18), meaning that 
these samples have the least scope for applications where a high degree of latency is required. 
The time to gelation measurements (Table 3.6) revealed that a sample containing the acetate 
ionic liquid took approximately 90 minutes to reach its gel point at 50 °C, however 
replication of the conditions in DSC analysis suggested that the only process to go to
8 2
completion within this time frame was that responsible for the shoulder peak (Figure 3.19). 
The overall enthalpy of the reaction had decreased, suggesting that the main curing reaction 
was influenced as well. This is not unexpected as the gel point occurs as the material passes 
from a liquid to a more rubbery gel like mixture, but before the mixture is cured. The 
thiocyanate containing formulations exhibit similar DSC profiles (Figure 3.13) and similar 
gel time values (Table 3.6) to those containing the acetate ionic liquid, however the DMT A 
data reveal differences between the samples. Whilst the DMTA data for 1-ethyl-3- 
methylimidazolium thiocyanate containing formulations (Figures 3.29 and 3.30) reveal 
broadly the same profiles and glass transition temperatures irrespective of the point at which 
the sample is at in the curing schedule, the 1-ethyl-3-methylimidazolium acetate containing 
samples exhibit markedly different values for the 80 °C sample and the 140 °C sample. This 
implies that formulations containing 1-ethyl-3-methylimidazolium thiocyanate react via a 
mechanism which, in the early stages of the reaction, achieves a network formation which 
does not appear to change appreciably as the temperature or reaction time is increased. 
Conversely, formulations comprising 1-ethyl-3-methylimidazolium acetate are observed to 
undergo marked changes, in terms of mechanical behaviour, as the reaction time and 
temperature are increased. This demonstrates that the initiation mechanisms are not the same 
for these two ionic liquids.
3.4 Chemical Characterisation of Formulations Comprising Epoxy and 
Ionic Liquid
Whilst thermal analysis techniques can provide very useful information regarding the 
physical nature of the samples under investigation, it is critical to combine these with speetral 
analysis techniques to obtain a fuller picture of the chemical changes which relate to the 
differences observed in the thermal data. For this reason, ATR-IR spectroscopy and NMR 
spectroscopy have been utilised as methods of spectral analysis.
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3.4.1 Investigation of Formulations via Attenuated Total Reflectance Infrared (ATR-IR) 
Spectroscopy
Multiple samples of ionie liquid (1 g) and DGEBA (20 g) were mixed and cured according to 
the curing schedules in Table 3.7, with a sample removed after each temperature stage for 
analysis. The epoxy ring absorbance (912 cm'Y^ was expected to decrease as the curing 
schedule progressed. In addition, formulations comprising ionic liquid (1 g) and DGEBA (20 
g) were held isothermally at 50 °C or 160 °C in an air circulating oven, with an aliquot of 
sample being removed approximately every five minutes for ATR-IR spectrometric analysis 
in order to probe the early stages of the reaction. The resulting spectra are shown in Figures 
3.31 - 3.38, with regions of particular interest shown as expanded insert images.
 Freshly mixed
 up to 80 °C
 up to 100 °C
 up to 120 °C
 up to 140 °C
 up to 160 °C 900
1750 1700
-0.05 -
-0.15
60011002600 2100
W a v e n u m b e r  ( c m * )
16003600 3100
Figure 3.31: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate (1 g) previously cured in an air-circulating oven according to the schedule in
Table 3.7
84
0.16
 F re sh ly  m ix e d Freshly mixed
 2 4
u p  to  SO C
0.14
---80.12
 F re sh ly  m ix e d
 12
 2 4
 u p  to  8 0  'C
---11
9 0 0 13
 15 ----- 16
 17
<  0.06
1 8 0 0 1 7 0 0
---22
0.04
 24 23
0.02
- 0.02
60011003100 2600 2100
W a v e n u m b e r  (cm  ' )
16003600
Figure 3.32: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate (1 g) held isothermally in an air-circulating oven at 50 “C
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Figure 3.33: ATR-IR spectra of formulations comprising DGEBA (20 g) and I-ethyl-3-
methylimidazolium diethyl phosphate (I g) previously cured in an air-circulating oven according to the
schedule in Table 3.7
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Figure 3.34: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyI-3- 
methylimidazolium diethyl phosphate (I g) held isothermally in an air-circulating oven at 160 °C
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Figure 3.35: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium dicyanamide (I g) previously cured in an air-circulating oven according to the
schedule in Table 3.7
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Figure 3.36: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyI-3- 
methylimidazolium dicyanamide (1 g) held isothermally in an air-circulating oven at 160 "C
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Figure 3.37: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium thiocyanate (1 g) previously cured in an air-circulating oven according to the
schedule in Table 3.7
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Figure 3.38: ATR-IR spectra of formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium thiocyanate (1 g) held isothermally in an air-circulating oven at 50 “C
Figure 3.31 (1-ethyl-3-methylimidazolium aeetate eontaining formulations) reveals that the 
absorption band at approximately 912 cm"% which is attributable to the epoxy ring stretching 
vibration^is greatly reduced in samples which have been cured according to the programme 
presented in Table 3.7 when compared with the freshly mixed sample. This finding 
corresponds well with the DSC data (Figure 3.22) which reveal that, with the exception of the 
high temperature peak in the 80 °C sample, there is no residual exothermic process associated 
with the sample, implying that there is no longer a significant concentration of epoxide rings 
present in the sample. Furthermore, there is a significant increase in the intensity of the 
speetral bands at approximately 1100 cm"^  which are characteristic of ether linkages resulting 
from a polyéthérification reaetion^^; a phenomenon also observed by Soares et al}^, as well 
as an increase in the spectral bands at approximately 3300 em'^ which are indicative of OH 
groups resulting from the éthérification react ion(a lso  observed by Omrani et The
spectra of the 1-ethyl-3-methylimidazolium diethyl phosphate samples (Figure 3.33) reveal 
that a marked concentration of epoxy groups remain in the sample which has been cured up 
to 160 °C which is consistent with the DSC data (Figure 3.26), which show there is still a
considerable exothermic process occurring in the sample. In a similar manner to the 1-ethyl- 
3-methylimidazolium acetate containing formulations (Figure 3.31), bands which are 
indicative of ether linkages {ca. 1100 cm'V^ and OH groups {ca. 3300 cm'^)^  ^ are seen to 
increase in intensity as the curing temperature is increased. The spectra of 1-ethyl-3- 
methylimidazolium dicyanamide and 1-ethyl-3-methylimidazolium thiocyanate containing 
formulations (Figures 3.35 and 3.37 respectively) show much the same information.
In addition, in all spectra (Figures 3.31, 3.33, 3.35 and 3.37), a new peak at approximately 
1750 cm'^ is present which is typical of a carbonyl stretching band^^. Owing to this, further 
spectrometric analysis was carried out at isothermal temperatures of 50 °C (Figures 3.32 and
3.38) and 160 °C (Figures 3.34 and 3.36) in order to probe the disappearance of the epoxy 
band and the presence of the new band. The presence of a carbonyl band has been reported by 
Soares et al}^ when epoxy/MCDEA networks were modified with an imidazolium based 
ionic liquid. It was reported that the carbonyl peak was seen to emerge at higher temperatures 
and was attributed to the degradation of the epoxy. In the present work, however, this would 
seem unlikely to be the case as reference to the spectra reveals, in all cases, that the band 
emerges over time at relatively low temperatures {i.e. 50 and 160 °C) which are well below 
the decomposition temperatures of DGEBA and the ionic liquids (Figure 3.2). Ricciardi et 
al.^ proposed that the presence of carbonyl bands was due to a Hofinann elimination reaction 
occurring which resulted in an alkene that could tautomerise to give a carbonyl group. This 
idea is explored further in Chapter 6. Additionally, it can be seen that over the isothermal 
period, the intensity of the band attributed to the epoxy ring does not change markedly. This, 
however, is likely to be due to the fact that there is significantly more epoxy in the sample 
than ionic liquid meaning that the opening of a small number of epoxy rings would not 
exhibit such a marked difference in the spectra as the gradual build-up of a new material.
3.4.2 Investigation of Formulations via Nuclear Magnetic Resonance (NMR) 
Spectroscopy
Ionic liquid (1 g) and DGEBA (20 g) were mixed in an aluminium dish and held isothermally 
at 50 in an air-circulating oven. An aliquot {ca. 80 mg) was taken periodically over the 
isothermal period and mixed with deuterated acetone {ca. 0.7 ml) for analysis by both ^H and 
NMR spectroscopy.
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Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate
The overlaid, expanded NMR spectra are shown in Figure 3.39. It can be seen that 
broadly, the spectra remain very similar with a few exceptions. The peak at approximately 
11.0 ppm (proton 6) is seen to diminish upon mixing with the epoxy almost instantaneously 
suggesting deprotonation occurs which is also supported by the observed shift to lower ppm 
values of the protons on the imidazolium ring which is consistent with the protons becoming 
more shielded as electron density within the ring is increased as a result of deprotonation. In 
addition, the shifts which account for the epoxy ring protons remain broadly unaffected, both 
in terms of position and integral value. Whilst the ATR-IR spectroscopy data revealed the 
presence of a carbonyl functional group, this was not seen in the NMR spectra (not 
shown). This is due to the fact that the spectra acquired only revealed the presence of carbon 
atoms relating to the epoxy, indicating that the analysis time was inadequate to detect the 
peaks attributable to the ionic liquid. It is not thought that dealkylation occurs at this 
temperature.
It must also be recognised that the peaks corresponding to the ionic liquid are of a 
considerably lower intensity than those for the DGEBA (due to the 1:20 ratio) and, as such, it 
is difficult to state with certainty the reported observations above. It is also possible that the 
lack of apparent change in the spectra may be as a result of solubility issues with the 
polymeric material in the deuterated acetone meaning that the spectra are actually 
representative of the non-reacted part of the mixture rather than the product.
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Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium thiocyanate
The overlaid, expanded NMR spectra are shown in Figure 3.40. As in the case of the 1- 
ethyl-3-methylimidazolium acetate/DGEBA formulations (Figure 3.39), the NMR spectra 
remain broadly the same. There is a shift in the imidazolium ring protons to lower ppm 
values upon mixing the ionic liquid and epoxy which is indicative of deprotonation of the 
ring in the same manner as for the 1-ethyl-3-methylimidazolium acetate samples (Figure
3.39). The disappearance of proton 6 also implies that depronation takes place, however it 
would appear to do so more slowly than in the case of the 1-ethyl-3-methylimidazolium 
acetate samples. In addition, the emergence and subsequent disappearance of a new peak at 
approximately 2.9 ppm has been attributed to an intermediate product formed through 
reaction of the thiocyanate anion with the epoxy ring. It is not believed that the thiocyanate 
anion reacts with the alkyl groups on the imidazolium ring it as it would preferentially react 
with the carbon atom in epoxy ring. Therefore, it is believed that at 50 °C, two competing 
reactions occur in 1-ethyl-3-methylimidazolium thiocyanate/DGEBA formulations; 
deprotonation and direct reaction of the anion with the epoxy ring to form an intermediate 
species.
It must be noted that the same cautions reported for the formulations comprising 1-ethyl-3- 
methylimidazolium acetate and DGEBA should also be exercised in this case.
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3.4.3 Concluding Remarks on Chemical Characterisation of Formulations Comprising 
Epoxy and Ionic Liquid
Analysis of formulations using ATR-IR spectroscopy has revealed that, in all cases, the more 
advanced a sample is in terms of its curing schedule (Table 3.7), the more prominent the 
bands attributable to the ether linkages and OH groups become and the less prominent the 
epoxy ring absorbance band becomes. In samples which have been cured (Table 3.7), a new 
absorbance band is seen at approximately 1750 cm"\ Further interrogation of the samples 
(through ex-situ isothermal analysis at 50 °C) revealed that the new band increased in 
absorbance value over time, whereas the band at 912 cm'^ (epoxy ring) decreased to a lesser 
degree during this isothermal period. The new band has been attributed to the formation of a 
carbonyl group" ’^^ ’^^ ’^^ .^ The spectroscopic characterisation supports the thermal 
characterisation in that both reveal, in the early stages of the reaction, the first process which 
occurs affects primarily the ionic liquid and does not appear to involve the epoxy ring to a 
significant degree (i.e. no polyéthérification is suspected to a significant degree). It is 
proposed that both 1-ethyl-3-methylimidazolium acetate and 1-ethyl-3-methylimidazolium 
thiocyanate can undergo deprotonation at 50 °C although it is believed to occur more rapidly 
in the former. A second, competing reaction is also suggested for formulations comprising 1- 
ethyl-3-methylimidazolium thiocyanate which is believed to involve attack of the epoxy ring 
by the thiocyanate anion to form an intermediate species which is capable of further reaction.
Chapter 6 postulates certain mechanisms which are rationalised through the drawing together 
of all the data presented in this thesis.
3.5 Analysis of Formulations Comprising Epoxy and Ionic Liquid with 
Various Molar Ratios
The preceding work presents data for samples which have been prepared according to the 
industry standard formulation comprising initiator (5 parts) and epoxy resin (100 parts). 
Whilst this provides a good grounding in standard formulations, the reaction mechanism can 
be interrogated through increasing the amount of initiator employed. This in turn will also 
affect certain properties such as the exothermic curing profile and the rheological and 
mechanical properties.
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3.5.1 Investigation of Formulations via Dynamic Differential Scanning Calorimetry 
(DSC)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate
Samples with varying amounts of 1-ethyl-3-methylimidazolium acetate and DGEBA (5 g) 
were prepared and subjected to DSC analysis {ca. 1.5 -  2.0 mg) with the data shown in 
Figure 3.41.
80 100 120 
Temperature (®C)
0.25 g 
0.50 g 
1.40 g
2.30 g
3.30 g 
4.70 a
Figure 3.41: Dynamic DSC data (heat 1) for freshly mixed formulations comprising DGEBA (5 g) and 1- 
ethyl-3-methylimidazolium acetate (0.25 g, 0.50 g, 1.40 g, 2.30 g, 3.30 g and 4.70 g)
It can be seen from Figure 3.41 that at least three processes occur which is evidenced in the 
thermogram by the shoulder on the main peak and the separate high temperature peak. As 
more ionic liquid is added, an increase in the prominence of the shoulder peak is observed 
whilst the main peak decreases. Expansion in the region 130 °C -  200 °C also suggests that 
the increase in the shoulder peak occurs at the expense of the high temperature peak. It is 
suggested that the shoulder peak increases until this reaction becomes the dominant reaction. 
If this were to happen, it is assumed that this would be reflected in the second heating cycle
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as a decrease in the glass transition temperature due to a decrease in the number of crosslinks 
being formed. This is, indeed, confirmed where the glass transition temperatures of the 
samples mixed with 0.25 g, 0.50 g and 1.40 g are 151 °C, 114 °C and 53 °C respectively 
(Figure 3.42). A definite glass transition temperature region cannot be defined for the 
remaining samples. The decrease in the glass transition temperature is likely to be as a result 
of plasticization of the network due to the increase in ionie liquid. This, in turn, will change 
the effective crosslink density of the material and therefore result in a decrease in the glass 
transition temperature.
 0.25 g
 0.50 g
 1.40 g
 2.30 g
 3.30 g
 4.70 g
0.05 -
-0.05 -
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Figure 3.42: Dynamic DSC data (heat 2) for freshly mixed formulations comprising DGEBA (5 g) and 1- 
ethyI-3-methylimidazoIium acetate (0.25 g, 0.50 g, 1.40 g, 2.30 g, 3.30 g and 4.70 g)
If peak fitting analysis is employed (Figures 3.43 -  3.48) it can be seen that the first peak, 
which accounts for the shoulder reaction, increases as the amount of initiator is increased 
until it becomes the dominant peak (1.40 g). Peak 2, which is thought to account for the main 
reaction, decreases as peak 1 increases. Three peaks have been used to fit the data in all cases 
except when 0.25 g of ionie liquid is used; in this ease four peaks were used to obtain the best 
fit. It is assumed that peak 4 in this sample corresponds to peak 3 in the other samples and it
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is actually the reaction corresponding to peak 3 in the 0.25 g sample data which diminishes in 
the other samples.
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Figure 3.43: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methyIimidazoIium acetate (0.25 g)
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Figure 3.44: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methyIimidazoIium acetate (0.50 g)
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Figure 3.45: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methylimidazolium acetate (1.40 g)
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Figure 3.46: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methyIimidazolium acetate (2.30 g)
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Figure 3.47: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methylimidazolium acetate (3.30 g)
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Figure 3.48: Peak fitting analysis of dynamic DSC data (heat 1) for formulations comprising DGEBA (5
g) and l-ethyl-3-methylimidazolium acetate (4.70 g)
If the data regarding a formulation comprising DGEBA and 1-ethyl-3-methylimidazolium 
acetate (from the current work) are compared with an analogous set encompassing 1-ethyl-3- 
methylimidazolium dicyanamide (Figure 3.49)^\ it is seen that a similar phenomenon is 
observed. A dual exotherm was present when 1-ethyl-3-methylimidazolium dicyanamide (3 
wt. %) was mixed with DGEBA and analysed under nitrogen at a heating rate of 2 K/min 
from 0 °C to 250 °C. When the amount of initiator was increased, the first exothermic peak 
was seen to increase at the expense of the second peak until, at 15 wt. %, the first peak 
became the dominant reaction. The T^ax value was also seen to decrease as the amount of 
ionic liquid was increased^an observation also noted in the 1-ethyl-3-methylimidazolium 
acetate/DGEBA samples in the current work (Figure 3.41).
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Figure 3.49: Dynamic DSC data (heat 1, exo down) for formulations comprising DGEBA and l-ethyl-3- 
methylimidazolium dicyanamide a) 3 wt. % b) 9 wt. % c) 15 wt. % (taken from the study by
Rahmathullah et al.Ÿ^
Rahmathullah et suggested that the observed cure may proceed via reaction between the 
epoxy group and the dicyanamide, either in its original state or one of its tautomeric forms 
and may not directly involve the imidazolium cation. They also reported however, that, whilst 
the use of 1-butyl-3-methylpyridinium dicyanamide did initiate epoxy cure, a very different 
reaction profile was observed. Given this finding, it is probable that it is the combination of 
the anion and cation which is responsible for the differences observed in the curing profiles 
and one caimot be considered in isolation. Given the experimental results presented so far, it 
is highly unlikely that initiation proceeds via reaction of the anion alone.
3.5.2 Investigation of Formulations via Dynamic Oscillatory Rhcology
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate
Samples of varying amounts of 1-ethyl-3-methylimidazolium acetate and DGEBA (20 g) 
were mixed in a speed mixer at 2500 rpm for two consecutive periods of two minutes. The 
samples were subsequently analysed using oscillatory rhcology (parameters can be found in 
the Experimental chapter) with the data presented in Figure 3.50 and Table 3.8.
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Figure 3.50: Dynamic oscillatory rhcology data for freshly mixed formulations comprising DGEBA (20 g) 
and l-ethyl-3-methylimidazolium acetate (1 g, 3 g, 5 g, 6 g and 7 g)
Table 3.8: Dynamic oscillatory rhcology data for freshly mixed formulations comprising DGEBA (20 g) 
and l-ethyl-3-methylimidazolium acetate (1 g, 3 g, 5 g, 6 g and 7 g)
1 g 3 g 5 g 6 g 7 g
Initial viscosity (Pa.s) 8.47 7.14 5.05 3.46 3.46
Gel point (°C) 103 101 103 112 151
Vitrification point 1 (°C) 110 105 - - -
Vitrification point 2 (°C) - 130 - - -
■ not determined
The standard amount of initiator (1 g) yields a gel point temperature of 103 °C and a 
vitrification point temperature of 110 °C (Table 3.8). A double peak in the loss modulus is 
observed when 3 g of initiator is used which is indicative of the sample undergoing some 
rearrangement at a higher temperature. The second peak of the loss modulus is accompanied 
by a decrease in the storage modulus. As seen from the DSC data (Figure 3.41), when the 
amount of ionic liquid is increased the shoulder peak increases at the expense of the main
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peak until it becomes the dominant reaction. It may be hypothesised that the double peak in 
the loss modulus, observed with the 3 g sample, is as a result of the two reactions effectively 
equalising before the shoulder reaction becomes dominant.
If five times the amount of initiator is used, relative to the standard amount, it can be seen 
that the gel point and the vitrification point cannot be isolated and after this point a marked 
decrease in the loss modulus is observed suggesting that the material starts to become more 
rubbery. A very similar phenomenon is observed when 6 g of the ionic liquid is used. This 
correlates well with the DMTA data (Figure 3.52) and DSC data (Figure 3.41) which suggest 
that the number of initiating species formed increases at the expense of the number of ether 
linkages, ultimately leading to fewer crosslinks as the amount of ionic liquid is increased.
In the case where 7 g of 1-ethyl-3-methylimidazolium acetate is combined with the epoxy, it 
can be seen that a significantly different rheological profile is observed. It is likely that this 
type of rheology profile is more akin to oligomer formation or chain extension as, whilst the 
storage modulus and loss modulus values are seen to increase, the crossover point does not 
occur until significantly higher temperatures compared with systems where lower amounts of 
initiator have been used. This further suggests that the increase in the amount of initiator 
reduces the crosslink density of the material owing to the dominance of the shoulder reaction. 
It is clear from the different shapes of the curves that different reaction mechanisms take 
place as the amount of ionic liquid is increased and, in the cases where the gradient of the 
curves is less steep, it is likely that the ionic liquid is acting as a diluent as was the case in a 
study by Zhao et al?^ where an excessive amount of the curing agent (6610) was added to the 
epoxy (CYD-128) which resulted in a hindering of the crosslinking reaction.
3.5.3 Investigation of Formulations via Gel Time Measurements
The gel time of samples was measured with various amounts of initiator at different 
temperatures with the results summarised in Table 3.9. It can be seen that the gel time 
initially decreases as the amount of initiator is increased which would be expected, however 
when 9 g is used, the gel time increases. This is likely to be due to the larger number of 
initiating species which are formed which promote oligomer formation rather than a highly 
structured network.
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Table 3.9: Time to gelation data for formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate at 25, 50 and 80 °C
Temperature
C C)
Amount (g) Gel time (min) TmaxCC)
Time to Jmax 
(min)
3 161 27 32
5 139 28 34
25
7 116 28 40
9 135 29 42
1 94 54 95
50
3 5 >227* 5
80 1 4 >275 5
smoke observed therefore m easurem ent stopped
The temperature profiles are displayed in Figure 3.51 for samples held at 25 °C. It can be 
seen that all samples exhibit a Tmax after approximately 3 0 - 4 0  minutes of reaction time. This 
peak coincides with an observed colour change.
29 •^ g
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Figure 3.51: Thermal profile resulting from gel time measurements for formulations comprising DGEBA 
(20 g) and l-ethyl-3-methylimidazolium acetate (3 g, 5 g, 7 g and 9 g) at 25 “C
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3.5.4 Investigation of Formulations via Dynamic Mechanical Thermal Analysis (DMTA)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate
Samples containing 1-ethyl-3-methylimidazolium acetate (3 g) and DGEBA (20 g) were 
tested using DMTA. The samples were prepared according to the curing schedule detailed in 
Table 3.7. Figure 3.52 reports the storage modulus and loss modulus data obtained. It can be 
seen that, unlike the analogous data in Figure 3.20 (1 g of 1-ethyl-3-methylimidazolium 
acetate), there is not such a marked difference between the samples which have been held at 
different temperatures for different time periods. This clearly demonstrates that the increase 
in amount of initiator suppresses network development. Samples comprising 1 g of 1-ethyl-3- 
methylimidazolium acetate and DGEBA reveal two peaks in the loss modulus data whereas a 
single peak is observed when 3 g is employed. This correlates well with the data shown in 
Figures 3.43 -  3.48 which indicate that an increase in the amount of initiator results in the 
first peak becoming dominant and the glass transition temperature decreasing (Figure 3.42). 
The fact that the moduli profiles remain broadly the same in Figure 3.52 suggests that 
network advancement, in terms of formation of crosslinks, does not advance appreciably in 
spite of the increasing temperature and reaction time. This further highlights that an increase 
in the amount of initiator results in formation of initiating species at the expense of 
crosslinks.
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Figure 3.52: DMTA data for formulations comprising DGEBA (20 g) and l-ethyI-3-methyIimidazolium  
acetate (3 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
The temperatures at whieh the tan delta peak is observed are seen to decrease slightly as the 
samples progress through the curing schedule although the damping ability exhibited remains 
broadly the same for all samples as seen in Figure 3.53. This is consistent with the idea that 
the network does not change appreciably in spite of the longer reaction time.
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Figure 3.53: Tan delta data for formulations comprising DGEBA (20 g) and l-ethyl-3-methyIimidazoIium  
acetate (3 g) previously cured in an air-circulating oven according to the schedule in Table 3.7
If the storage and loss modulus values are eompared for samples eontaining 1 g and 3 g of 1- 
ethyl-3-methylimidazolium aeetate (Figure 3.54) after both samples have been held at 40 °C, 
60 °C and 80 °C (Table 3.7), it is immediately elear that the inerease in amount of initiator 
has a signifieant impaet on the data. Rahmathullah et al.^  ^ reported that, for a series of 
samples eontaining various amounts of 1-ethyl-3-methylimidazolium dieyanamide, the 
observed deerease in the storage modulus and the peak in the loss modulus data oeeurred at 
lower temperatures as the amount of ionic liquid increased (Figure 3.55). This was attributed 
to a significant increase in the molecular weight between crosslinks as a result of a higher 
number of initiating species being formed at the expense of ether linkages with the inerease 
in ionie liquid concentration. The presence of a double loss modulus peak was attributed to 
two reactions occurring in the system; the condensation or adduct formation of epoxy groups 
with 1-ethyl-3-methylimidazolium dicyanamide and the éthérification of the hydroxyl 
groups^ \
If the data are compared for the 1 -ethyl-3-methylimidazolium aeetate samples it can, indeed, 
be seen that both the decrease in the storage modulus and the peak in the loss modulus data
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occur at lower temperatures when 3 g of ionic liquid is used (Figure 3.54); a finding that is in 
agreement with the 1-ethyl-3-methylimidazolium dicyanamide samples discussed 
previously^ \
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Figure 3.54; Comparison of DMT A data for formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate (1 g and 3 g) previously cured in an air-circulating oven according to the
schedule in Table 3.7 up to 80 “C
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Figure 3.55: DM TA data for form ulations com prising DGEBA and l-ethyl-3-m ethylim idazolium
dicyanam ide (taken from work by Rahm athullah et al.)21
If the two amounts of initiator are eompared for samples whieh have been heated to 140 °C 
(see Table 3.7 and Figure 3.56), it ean be seen that the differenee in storage modulus and loss 
modulus is mueh more pronounced and a double loss modulus is seen in the 1 g sample.
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Figure 3.56: Comparison of DMTA data for formulations comprising DGEBA (20 g) and l-ethyI-3- 
methylimidazolium acetate (1 g and 3 g) previously cured in an air-circulating oven according to the
schedule in Table 3.7 up to 140 °C
If the tan delta values, shown in Figure 3.57, are compared it is seen that the maximum 
values occur at higher temperatures when a lower amount of ionic liquid is used, regardless 
of temperature. In contrast if the temperatures are compared, it is seen that 1 g yields a higher 
glass transition value at 140 °C than at 80 °C whereas 3 g yields a higher glass transition 
temperature at 80 °C than 140 °C. In contrast, samples with a higher amount of ionic liquid 
exhibit a higher damping ability which is likely to be due to the lower number of crosslinks 
formed as a consequence of the higher number of initiating species formed.
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Figure 3.57: Comparison of tan delta data for formulations comprising DGEBA (20 g) and l-ethyl-3- 
methylimidazolium acetate (1 g and 3 g) previously cured in an air-circulating oven according to the
schedule in Table 3.7 up to 80 °C and 140 °C
The crosslink density values for the samples containing 1 g and 3 g of 1-ethyl-3- 
methylimidazolium acetate (heated to 80 °C) are 0.0095 and 0.0012 mol dm'^ respectively. 
This suggests that, if the rationale from Rahmathullah et al.^  ^ is accepted, the higher amount 
of initiator will promote the formation of initiating species at the expense of ether linkages, 
consequently leading to a higher molecular weight value between crosslinks which in turn 
yields a lower crosslink density; a result reflected in the 1-ethyl-3-methylimidazolium acetate 
samples. The same phenomenon ean be seen in the samples whieh have been heated up to 
140 °C (Table 3.7) where the crosslink density values are 0.020 and 0.0024 mol dm"  ^for the 1 
g and 3 g sample respectively {N.B. the sample comprising 1 g of ionic liquid cracked 
therefore the modulus value was taken before the plateau was reached).
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3.5.5 Concluding Remarks on Formulations Comprising Epoxy and Ionic Liquid with 
Varying Molar Ratios
The dynamic DSC data (Figure 3.41) and subsequent peak fitting analyses (Figures 3.43 -  
3.48) revealed that an increase in concentration of the initiator impacted the exothermic 
reaction profiles to a considerable extent. This manifested itself in terms of an increase in the 
shoulder peak to a point at which this shoulder peak became the dominant reaction. This 
would imply that the initial reaction is very much governed by the ionic liquid. If the 
rheology data are considered (Figure 3.50), it was seen that an increase in the amount of ionic 
liquid resulted in a higher gel point temperature and, in cases above 3 g, a vitrification point 
temperature was not reported which implied that the increase in number of initiating species 
occurred at the expense of the crosslinking reaction; a phenomenon also supported by the 
DMTA data which showed a lower glass transition temperature (indicative of a lower degree 
of crosslinking) and a single peak in the loss modulus as opposed to the double loss modulus 
observed when 1 g of 1-ethyl-3-methylimidazolium acetate was used. This implied the 
network had not developed significantly either in the oven or during the temperature ramp for 
the analysis.
3.6 Kinetic Analysis of Formulations Comprising Epoxy and Ionic Liquid
The kinetic analysis of systems allows the activation energy and reaction rate to be 
determined as well as the calculation of the conversion of the formulation as a function of 
reaction temperature. DSC analysis was performed on samples (2.5 mg) of DGEBA (5 g) 
mixed with the ionic liquid (0.25 g) at various heating rates. All samples were run in 
aluminium hermetic pans and analysed under nitrogen. The Ozawa^^ and Kissinger^"  ^methods 
of kinetic analysis (described in Experimental Chapter) were employed to calculate a value 
for the activation energy (Ozawa and Kissinger) and the pre-exponential factor and rate of 
reaction (Kissinger). Additionally, the level of conversion and the rate of reaction were 
plotted for all the heating rates as a function of temperature.
The DSC thermograms relating to samples comprising 1-ethyl-3-methylimidazolium acetate, 
1-ethyl-3-methylimidazolium dicyanamide and 1-ethyl-3-methylimidazolium thiocyanate 
with DGEBA are shovm in Figures 3.58 - 3.60. Samples containing 1-ethyl-3-
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methylimidazolium diethyl phosphate were not investigated due to the incomplete exothermic 
peak produced when analysed using DSC.
2 K/inin
 5 K/inin
 10 K/min
 15 lOmin
' " ■ 20 K/min
6
5
4
3
2
0
1
200100 120 140 160 18040 60 8020
Temperature (®C)
Figure 3.58: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyI-3- 
methylimidazolium acetate (0.25 g) at heating rates of 2, 5 ,1 0 ,1 5  and 20 K/min
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Figure 3.59: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyl-3- 
methylimidazolium dicyanamide (0.25 g) at heating rates of 5, 10,15 and 20 K/min
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Figure 3.60: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyl-3-
methylimidazolium thiocyanate (0.25 g) at heating rates of 2, 5, 10, 15 and 20 K/min
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The Tmax values and enthalpy values relating to the thermograms are summarised in Table
3.10.
Table 3.10: Dynamic DSC data for freshly mixed formulations comprising DGEBA (5 g) and l-ethyl-3- 
methylimidazolium acetate (0.25 g), l-ethyl-3-methylimidazolium dicyanamide (0.25 g) and l-ethyl-3- 
methylimidazolium thiocyanate (0.25 g) at heating rates of 2 ,5 ,1 0 ,1 5  and 20 K/min
Heating rate Tmax Enthalpy
(K/min) m (J/g)
2 91 567
5 105 488
1-ethyl-3-methylimidazolium acetate ^ 10 115 480
15 121 469
20 128 474
5 167 490
10 180 451
1 -ethyl-3-methylimidazolium dicyanamide
15 187 517
20 189 488
2 99 577
5 112 534
1-ethyl-3-methylimidazolium thiocyanate ^ 10 123 530
15 129 560
20 134 424
data are average o f 2 samples
It can be seen from Table 3.10 that the Tmax values shift to higher temperatures as the heating 
rate increases which is expected. There is some variance in the enthalpy values whieh, whilst 
strictly speaking should be the same, is indicative of physical factors such as differences in 
mixing or sample distribution within the pan. Large differences could also suggest that a 
change in the heating rate resulted in different network growth whieh was suggested by the 
DMTA data in Figure 3.20.
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Figures 3.61 -  3.63 show the kinetic data using the Ozawa^^ and Kissinger '^* methods for 
each initiator at different heating rates. The activation energy is calculated from the gradient 
of the line {i.e. the m value) according to the Arrhenius equation^^. It can be seen from 
Figures 3.61 -  3.63 that the correlation coefficient (R  ^value), which represents the level of fit 
of the data, is greater than 0.99 in both cases for the 1-ethyl-3-methylimidazolium acetate and 
1-ethyl-3-methylimidazolium thiocyanate samples and greater than 0.97 for the 1-ethyl-3- 
methylimidazolium dicyanamide samples, suggesting a good fit for the equation of the line.
.24
3.5
3
y = -9338.6x +26.336 
R- = 0.998
2.5
2
1.5
1
■ Ozawa 
♦  Kissinger0.5 y = -8576x -  12.448 
R:= 0.9977
0 4-----
0.00245 0.00280.0026 0 .0 0 2 6 5 0.0027 0.002750.002550.0025
ITT (K-i)
Figure 3.61: Ozawa and Kissinger plots for formulations comprising DGEBA (5 g) and l-ethyl-3-
methylimidazolium acetate (0.25 g)
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Figure 3.62: Ozawa and Kissinger plots for formulations comprising DGEBA (5 g) and l-ethyI-3-
methylimidazolium dicyanamide (0.25 g)
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Figure 3.63: Ozawa and Kissinger plots for formulations comprising DGEBA (5 g) and l-ethyl-3-
methylimidazolium thiocyanate (0.25 g)
The values, including the activation energy, pre-exponential factor and rate constant, which 
are calculated from the plots shown in Figures 3.61 -  3.63 are presented in Table 3.11.
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Table 3.11: Activation energies, pre-exponential factors and rate constants determined using the Ozawa 
and Kissinger methods for formulations comprising DGEBA (5 g) and l-ethyl-3-methylimidazolium  
acetate (0.25 g), l-ethyl-3-methylimidazolium dicyanamide (0.25 g) and l-ethyl-3-methylimidazolium
thiocyanate (0.25 g)
Ozawa
method
E ,
(kJ/mol)
Kissinger
method
(kJ/mol)
Pre­
exponential
factor
A
( s ‘)
Rate
constant
k
(393 K)
(s ')
1 -ethyl-3-methylimidazolium 
acetate
74 71 2.1 * lO'" 0.73
1 -ethyl-3-methylimidazolium 
dicyanamide
98 96 7.0 * 10'“ 0.01
1 -ethyl-3-methylimidazolium 
thiocyanate
77 75 4.5 * 10‘“ 0.49
It can be seen that there is good agreement between the activation energy values calculated 
using the Ozawa method and the Kissinger method, with a marginally higher value being 
calculated when the Ozawa method is used. If the DSC data for the three initiators (Figure 
3.13) are compared with the activation energy (Table 3.11), it can be seen that there is good 
agreement in terms of a higher onset temperature equating with a higher activation energy.
The values for the pre-exponential factor, also known as the collision frequency factor, are 
seen to increase as the activation energy increases, however this is in contrast to the rate of 
the reaction. The sample containing 1-ethyl-3-methylimidazolium acetate has the highest rate 
of reaction despite having the lowest pre-exponential factor value. This implies that the 
reaction is more efficient due to the lower activation energy exhibited and the faster rate of 
reaction observed. The samples containing 1-ethyl-3-methylimidazolium thiocyanate have a 
similar activation energy to those containing 1-ethyl-3-methylimidazolium acetate however 
the rate of reaction is slower despite the pre-exponential factor being more than double the 
value for the acetate samples. This implies that the reaction with 1-ethyl-3- 
methylimidazolium thiocyanate is less efficient due to the slower rate of reaction observed.
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The conversion plots are shown in Figures 3.64 -  3.66. In all cases, as expected, a higher 
degree of conversion is obtained at a lower temperature when a slower heating rate is used. In 
the example of I-ethyl-3-methylimidazolium dicyanamide, it can clearly be seen that the 
conversion does not follow the same trend as the other initiators as a definite transition can be 
seen in the data. If the conversion plot (Figure 3.65) is compared with the kinetic DSC 
thermogram (Figure 3.59) it can be seen that the transition in the curve occurs after the first 
exothermic reaction in the thermogram has been completed, again suggesting that the first 
reaction is critical for the subsequent polymerisation. This may also explain why this sample 
has the highest pre-exponential factor value as presumably, the fact that the first reaction 
completes before the subsequent reaction begins indicates that there may be a higher number 
of molecules with the correct orientation which will result in a greater frequency of 
successful collisions. In contrast, despite having a pronounced shoulder in the DSC 
thermograms, the 1-ethyl-3-methylimidazolium acetate and 1-ethyl-3-methylimidazolium 
thiocyanate do not reflect anything markedly of this nature in the conversion plots.
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Figure 3.64: Conversion as a function of temperature for freshly mixed formulations comprising DGEBA
(5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g) at heating rates of 2, 5, 10, 15 and 20 K/min
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Figure 3.65: Conversion as a function of temperature for freshly mixed formulations comprising DGEBA 
(5 g) and l-ethyl-3-methylimidazolium dicyanamide (0.25 g) at heating rates of 5 ,1 0 ,1 5  and 20 K/min
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Figure 3.66: Conversion as a function of temperature for freshly mixed formulations comprising DGEBA
(5 g) and l-ethyl-3-methylimidazolium thiocyanate (0.25 g) at heating rates of 2, 5, 10, 15 and 20 K/min
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The reaction rate graphs, shown in Figures 3.67 -  3.69, provide an understanding of how the 
rate of reaction changes with respect to temperature. The reaction rate is calculated by 
dividing the heat flow of the reaction at each data point by the total enthalpy value of the 
reaction and has a very similar profile to the DSC thermogram. It can be seen in all cases that 
the maximum rate of reaction occurs at the highest point of the main reaction peak and is 
pushed to higher values as the heating rate is increased. In the ease of 1-ethyl-3- 
methylimidazolium dicyanamide, the rate of reaction decreases during the period after the 
first reaction has completed before increasing again to coincide with the start of the second 
reaction peak. In the other two examples, the increase in the reaction rate is not as fast during 
the transition through the shoulder peak as for the rest of the reaction, however, in contrast to 
the dicyanamide sample, it does not appear to decrease at any point.
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Figure 3.67: Reaction rate as a function of temperature for freshly mixed formulations comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g) at heating rates of 2, 5, 10, 15 and 20
K/min
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Figure 3.68: Reaction rate as a function of temperature for freshly mixed formulations comprising 
DGEBA (5 g) and l-ethyI-3-methyIimidazolium dicyanamide (0.25 g) at heating rates of 5 ,1 0 ,1 5  and 20
K/min
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Figure 3.69: Reaction rate as a function of temperature for freshly mixed formulations comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium thiocyanate (0.25 g) at heating rates of 2, 5 ,1 0 ,1 5  and 20
K/min
3.7 Concluding Remarks on Physical Characterisation of Ionic Liquids and 
Formulations
The TGA data in this chapter reveal that the lowest onset temperature of degradation occurs 
for 1-ethyl-3-methylimidazolium acetate eompared with the highest value for 1-ethyl-3- 
methylimidazolium dicyanamide. This order of reactivity is also reflected in the DSC data, 
where the onset of reaction temperature is lowest for formulations containing 1-ethyl-3- 
methylimidazolium acetate and highest for those containing 1-ethyl-3-methylimidazolium 
dicyanamide. Residual gas analysis of a sample of 1-ethyl-3-methylimidazolium acetate 
showed the presence of a species with a value of miz 74 which is believed to correspond to 1- 
methylacetate. This implies that dealkylation can occur as suggested by Rieciardi et a l \  
Subsequent NMR spectral analysis led to the finding that, upon heating 1-ethyl-3- 
methylimidazolium acetate to 150 °C and allowing it to cool back to room temperature, new 
peaks which are thought to be attributable to the dealkylated imidazole ring were observed; a 
finding also reported by Clough et al?. These data imply that the high temperature peak
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observed in the DSC thermogram could well be as a result of initiation of the epoxy ring via 
an unsubstituted nitrogen atom after dealkylation has occurred.
The spectral analysis of ionic liquid/epoxy formulations has revealed the presence of a new 
absorbance band at approximately 1750 cm'^ in the ATR-IR spectroscopy data which has 
been attributed to the formation of a carbonyl group as suggested in other research" .^ This is 
seen to evolve over time at an isothermal temperature of 50 °C whilst the epoxy ring 
stretching band {ca. 912 cm'^) remains broadly unaffected. The analysis of a formulation 
comprising DGEBA with 1-ethyl-3-methylimidazolium acetate by NMR spectroscopy has 
suggested that, at 50 °C, deprotonation occurs. This is also believed to occur in formulations 
containing 1-ethyl-3-methylimidazolium thiocyanate with the addition of a second competing 
reaction involving the thiocyanate anion and the epoxy ring.
Increasing the amount of initiator resulted in the shoulder peak in the DSC thermograms of 1- 
ethyl-3-methylimidazolium acetate/DGEBA formulations becoming more prominent until a 
point at which it became the dominant reaction. This was accompanied by a decrease in the 
glass transition temperature and a marked deviation from the original rheology profile when 
compared with the standard resin (100 parts): ionic liquid (5 parts) formulation. This was 
rationalised by assuming the increase in ionic liquid concentration led to an increase in the 
number of initiating species at the expense of forming ether linkages {i.e. the 
polyéthérification reaction).
In conclusion, it is hypothesised that a reaction pathway involving dealkylation and 
subsequent initiation via the unsubstituted nitrogen atom occurs at temperatures around 150 
°C and can be observed as the high temperature peak in the DSC thermogram for samples 
containing 1-ethyl-3-methylimidazolium acetate. The dominance of the shoulder peak 
resulting from increasing the amount of ionic liquid in the formulation implies that the first 
reaction occurs due to adduct formation between the ionic liquid and epoxy. This is further 
implied by the broadly unchanging nature of absorbance bands and chemical shifts relating to 
the epoxy ring in the early stages of analysis. It is suggested that the difference in onset 
temperatures observed in the DSC thermograms is due to the different anions.
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Chapter 4 
Investigation into the Effects o f  Storage Conditions on Formulations
4.1 Introduction
Cure latency; the ability to mix an epoxy monomer with a hardener and store it at ambient or 
sub-ambient temperature without advancement of the reac t ion^is  a desirable feature of a 
one pot formulation {i.e. formulated samples) for ease of processing, cost reduction and 
convenience. Therefore, an investigation into the ability of formulated samples to be stored, 
both at room temperature and at sub-zero temperatures in the freezer, was critical to the 
current work. It was revealed in the previous chapter, through DSC analysis, that samples 
containing 1-ethyl-3-methylimidazolium acetate and 1-ethyl-3-methylimidazolium
thiocyanate display a marked lower temperature shoulder on the main exothermic peak. In 
addition, samples containing 1-ethyl-3-methylimidazolium dicyanamide exhibit two distinct 
peaks whereas samples comprising 1-ethyl-3-methylimidazolium diethyl phosphate show an 
incomplete reaction under the standard conditions used. With this in mind, it was of interest 
to see whether these same peaks remained in the DSC thermograms for samples which were 
stored under differing conditions and time periods.
It was assumed, based on extension from both amine- and imidazole-cured epoxy systems, 
that storage at sub-zero temperatures would effectively retard the reaction and allow the 
latent ability of the ionic liquids to be realised, whereas storage at room temperature would 
allow the components to react slowly and vitrify. Consequently, it was decided to monitor 
samples stored open to the atmosphere at room temperature, by means of photography, in 
order to visually detect any changes observed over a 6 day period. Table 4.1 shows the 
resulting colour change when DGEBA (5 g) and ionic liquid (0.25 g) were mixed and left at 
room temperature.
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Table 4.1: Photographs of formulations comprising DGEBA (5 g) and l-ethyl-3-methylimidazolium  
acetate (0.25 g), l-ethyl-3-methylimidazolium diethyl phosphate (0.25 g), l-ethyl-3-methylimidazolium  
dicyanamide (0.25 g) and l-ethyl-3-methylimidazolium thiocyanate (0.25 g) stored open at room
temperature for 6 days
Fresh 1 day (RT) 6 days (RT)
1-ethyl-3- 
methylimidazolium acetate
1-ethyl-3- 
methylimidazolium diethyl 
phosphate
1-ethyl-3- 
methylimidazolium 
dicyanamide
1-ethyl-3- 
methylimidazolium 
thiocyanate
It is clear that after 1 day, samples containing 1-ethyl-3-methylimidazolium acetate and 1- 
ethyl-3-methylimidazolium thiocyanate undergo marked colour changes to yield dark red 
samples with greatly increased viscosity; after 6 days, both samples have vitrified. In 
eontrast, samples containing the diethyl phosphate and dicyanamide anions do not exhibit a 
marked eolour change even after 6 days’ storage at room temperature. The anions clearly 
play a pivotal role in determining the storage stability of the samples with the diethyl 
phosphate and dicyanamide anions clearly exceeding the others in terms of stability at room 
temperature in an epoxy solvent; an observation also made in Chapter 3.
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4.2 Monitoring of Formulated Samples via Physical Characterisation 
Techniques
4.2.1 Monitoring of Formulations via Dynamic Differential Scanning Calorimetry 
(DSC)
Owing to the reactive nature of the epoxy/ionic liquid formulation, it is necessary to assess 
the storage capability of such systems for end-use applications. DSC analysis was employed 
in order to study the differences in exothermic profile between systems which had been 
freshly mixed and those which had been exposed to various storage periods and conditions. 
All analyses ( 2 - 4  mg) were performed at a scan rate of 10 K/min under a heat-cool-heat 
temperature programme from 0 °C to 200 °C.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate 
Freezer storedformulation
It is apparent from Figure 4.1 that the low temperature shoulder peak, which occurs at 
approximately 90 °C, has reduced considerably in size in the sample which has been stored in 
the freezer for 74 days. This is a strong indication that the reaction advances even at sub-zero 
temperatures. The glass transition temperature, indicated by the dashed lines in Figure 4.1, is 
shown to shift to a higher temperature during the early storage period yet decreases as storage 
time is increased although, as this was simply to screen the initiators, the result was not 
repeated in order to check for reproducibility.
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4.5
 Freshly mixed (heat 1)
 6 days freezer (heat 1)
 74 days freezer (heat 1)
 Freshly mixed (heat 2)
 6 days freezer (heat 2)
 74 days freezer (heat 2)
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0.5
- -0.35
-0.4-0.5
180 200100
Temperature (°C)
120 140 160
Figure 4.1: Dynamic DSC data for freezer stored formulations comprising DGEBA (5 g) and l-ethyI-3-
methylimidazolium acetate (0.25 g)
Room temperature stored formulation
Figure 4.2 and Table 4.2 show the euring profile and assoeiated numerieal values from DSC 
analysis of a sample which was stored in a closed glass scintillation vial at room temperature 
for 9 days and subsequently vitrified over the storage period to yield a hard solid material.
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4.5
Freshly mixed (heat I ) 
Vitrified sample (heat 1) 
Freshly mixed (heat 2) 
Vitrified sample (heat 2)
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Figure 4.2: Comparison of dynamic DSC data for a vitrified formulation and a freshly mixed formulation 
comprising DGEBA (5 g) and l-ethyI-3-methylimidazolium acetate (0.25 g)
Table 4.2: Comparison of dynamic DSC data for a vitrified formulation and a freshly mixed formulation 
comprising DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g)
Tmax Onset Endset Enthalpy Onset To T, Endset Tg
(°C) r c ) r c ) (J/g) CC) Cc) Cc)
Freshly mixed 114 64 187 475 141 151 164
Vitrified 104 45 198 247 141 151 164
It is clear that after 9 days at room temperature, the material has almost lost the low 
temperature shoulder peak entirely and the overall enthalpy of the reaction is considerably 
lower. The vitrified sample is observed to eommenee reaction earlier than the freshly mixed 
sample and, despite being a solid material, still has an exothermic peak in a similar position 
to the main exothermic peak for the freshly mixed sample. This supports the suggestion that 
the shoulder peak is an essential prerequisite step, which is responsible for initiating the rest 
of the reaction.
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Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium diethyl phosphate 
Formulation stored in the freezer
Figure 4.3 suggests that, as described in Chapter 3, the curing reaction is not com plete under 
these conditions. H ow ever, inferences m ay still be drawn from these data w ith respect to the 
static position  o f  both the onset temperature and the Fmax temperature. M oreover, the curing 
profiles remain very sim ilar after a period o f  68 days. The glass transition temperature ranges 
for the sam ples are not reported due to the incom plete nature o f  the reaction.
0.3
 Freshly mixed
 3 days freezer
 68 days freezer
0.2
0.1
0
■0.1
■0.2
■0.3
200180100 120 140 16040 60 80200
T e m p e r a tu r e  (°C)
Figure 4.3: Dynamic DSC data (heat 1) for freezer stored formulations comprising DGEBA (5 g) and 1- 
ethyI-3-methy!imidazoIium diethyl phosphate (0.25 g)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium dicyanamide 
Formulation stored in the freezer
A n inspection o f  the D SC  thermograms (Figure 4 .4) reveals no signs o f  advancem ent o f  the 
reaction. The onset temperature appears constant and both Tmax values occur at very sim ilar 
temperatures for all sam ples as does the glass transition temperature.
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-  - 0.2
 Freshly mixed (heat 1)
 4 days freezer(heat 1)
 52 days freezer (heat 1)
 Freshly mixed (heat 2)
 4 days freezer (heat 2)
 52 days freezer (heat 2)
- -0.4
-  - 0.6
-0.7-0.5 200160 180100
T e m p e r a tu r e  ( “C )
120 140
Figure 4.4: Dynamic DSC data for freezer stored formulations comprising DGEBA (5 g) and l-ethyl-3-
methylimidazolium dicyanamide (0.25 g)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium thiocyanate 
Formulation stored in the freezer
It can be seen  from Figure 4.5 that the exotherm ic profile looks very sim ilar to that o f  the 1- 
ethyl-3-m ethylim idazolium  acetate system  (see Figure 4.1) w ith a shoulder on the m ain peak  
and a sm all, broad peak suggesting a high temperature reaction. The onset o f  the reaction  
does not occur until approxim ately 82 °C, w hich is a higher temperature than for the acetate 
anion and the gradient o f  the curve is considerably steeper suggesting that the first reaction  
and the m ain reaction probably occur alm ost sim ultaneously. W hen the stored sam ple is 
compared w ith  the freshly m ixed sam ple it can be seen that the lo w  temperature shoulder is 
greatly reduced, as it is in the case o f  the acetate anion, and the onset o f  the reaction occurs 
much earlier, although the high temperature peak remains at the sam e temperature for both  
samples. The Tkiax value and the glass transition temperature do not shift appreciably betw een  
the tw o sam ples indicating, as w ith the other sam ples, that the storage im pacts the initial 
reaction and not the overall polym erisation reaction.
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 Freshly mixed (heat 1)
 73 days freezer (heat 1)
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Figure 4.5: Dynamic DSC data for freezer stored formulations comprising DGEBA (5 g) and l-ethyI-3-
methylimidazolium thiocyanate (0.25 g)
O wing to the tim e and cost restrictions, only tw o initiators (1 -ethyl-3-m ethylim idazolium  
acetate and 1-ethyl-3-m ethylim idazolium  dicyanam ide) were selected, based on their 
reactivity, for a more in-depth freezer study. Sam ples o f  each system  were prepared by  
m ixing the ionic liquid (1 g) and D G E B A  (20 g) together in clear glass scintillation via ls and 
placing them  in the freezer for storage. A n aliquot o f  sam ple ( 2 - 3  m g) w as taken after the 
m ixing period for im m ediate analysis and all subsequent analyses w ere performed on aliquots 
w hich had been extracted from the bulk sam ple after a 30 m inute equilibrating period at room  
temperature. The analyses were performed using a heat-cool-heat cyc le  at a scan rate o f  10 
K /m in from 20 °C to 200  °C.
Formulations comprising DGEBA and 1 -ethyl-3-methylimidazolium acetate 
Formulation stored in the freezer
Figure 4 .6  show s the results obtained from analysis o f  the 1-ethyl-3-m ethylim idazolium  
acetate/D G EBA  form ulation over a storage period in the freezer o f  301 days. A n expansion
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o f  the shoulder peak is show n offset for elarity. Num erical data extracted from both Figure 
4.6  (heat 1) and Figure 4 .7  (heat 2) are presented in Table 4.3.
 Freshly mixed
 3 days (clear glass)
 14 days (clear glass)
 24 days (clear glass)
 30 days (clear glass)
 52 days (clear glass)
 301 days (clear glass)
100 120 
T e m p e r a tu r e  (°C )
200
Figure 4.6: Dynamic DSC data (heat 1) for freezer stored formulations comprising DGEBA (20 g) and 1-
ethyl-3-methyIimidazolium acetate (1 g)
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Figure 4.7: Dynamic DSC data (heat 2) for freezer stored formulations comprising DGEBA (20 g) and 1-
ethyl-3-methyIimidazolium acetate (1 g)
Table 4.3: Dynamic DSC data for freezer stored formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium acetate (1 g)
Tmax
C c )
Onset
r c )
Endset
C c )
Enthalpy
(J/g)
Onset 
Tg CC)
T ,
CC)
Endset 
Tg m
Freshly m ixed 114 64 187 475 141 151 164
3 days 115 62 188 483 147 158 171
14 days 116 64 187 449 142 153 165
24 days 116 68 190 479 144 154 167
30 days 114 65 191 475 141 158 171
52 days 113 64 194 455 150 161 173
301 days 115 68 187 427 142 155 164
It is apparent from Figure 4.6 and Table 4.3 that the overall Tm&x values do not change  
markedly during the storage period. In a similar manner, the onset temperatures remain in a 
similar range although a slight increase is seen in the temperature for the sam ple w hich  has
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been stored for the longest period. The enthalpy values do fluctuate during the storage period; 
a phenomenon which may well be due to physical factors such as difference in sample size, 
the length of time the bulk sample was left at room temperature before an aliquot was taken 
or the homogeneity of the sample. The enthalpy values do not display a trend and, for this 
reason, and given that the onset and endset temperatures (and the glass transition 
temperatures) do not vary significantly, it would appear that the loss of the shoulder peak 
does not impact the enthalpy of the reaction significantly. This is not unexpected as the first 
process only accounts for a small percentage of the overall reaction and therefore its loss may 
not impact the enthalpy values markedly. If the two extreme examples are considered, 
namely the freshly mixed sample and the sample which has been stored for 301 days, there is 
a decrease in the enthalpy value for the stored sample (Table 4.3) which is confirmed visually 
in Figure 4.6. This reveals that, whilst a trend is not immediately observable, the expected 
decrease in enthalpy is observed between the two extreme samples.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium dicyanamide 
Formulation stored in the freezer
Figure 4.8 displays the results obtained from the first and second heating cycles for the 1- 
ethyl-3-methylimidazolium dicyanamide/DGEBA samples; there is no marked difference in 
the exothermic profiles of the samples over the storage period. In contrast to the acetate 
counter ion sample, there is a very definite first peak, which is assigned to a reaction that is a 
prerequisite for the main curing reaction. A slight shift of the first peak is observed (in terms 
of Tmax) for the sample which has been stored for 301 days along with the onset temperature 
(Table 4.4). The glass transition temperature remains fairly constant for all samples. In a 
similar manner to the previously discussed acetate samples, the enthalpy values do not show 
a specific trend, although the sample which has been stored for the longest exhibits the lowest 
enthalpy value. Given that the curing profiles do not change markedly, it is not expected that 
the enthalpy values will change to a significant degree and any changes that are observed are 
likely to be attributable to physical factors.
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Figure 4.8: Dynamic DSC data for freezer stored formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium dicyanamide (1 g)
Table 4.4: Dynamic DSC data for freezer stored formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium dicyanamide (1 g)
7 m  ax
CC)
Onset
CC)
Endset
Cc)
Enthalpy
(J/g)
Onset 
Tg m
T ,
Cc)
Endset 
Tg m
Freshly mixed 142,180 122 198 474 162 175 184
3 days 142,180 122 198 468 162 175 184
15 days 141,180 122 198 455 171 175 184
24 days 142,180 125 198 438 167 175 185
30 days 141, 180 123 198 463 165 176 185
52 days 141, 180 122 198 519 167 174 184
301 days 143, 181 125 198 411 169 174 184
138
Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate 
Formulation stored in the freezer
The freezer study was repeated using PGE as the epoxy and 1-ethyl-3-methylimidazolium 
acetate as the initiator, the aim of this being to probe the disappearance of the low 
temperature shoulder reaction which is more evident when PGE is used as the epoxy 
component of the formulation. Samples (0.5 - 0.7 mg) were prepared in the same manner as 
above and used for the analyses which implemented a heat-cool-heat cycle from 25 °C to 140 
°C at 10 K/min. Whilst the results (Figure 4.9 and Table 4.5) appear much more scattered 
than for the samples mixed with DGEBA, it is still possible to observe the loss of the first 
peak. In the freshly mixed sample there is a clear plateau region in the thermogram between 
approximately 90 - 99 °C which can be seen in the 2, 3 and 9 day samples. This region is lost 
in the 10 day sample and an unusual drop in heat flow is seen in the 30 day sample which 
may be indicative of a glass transition temperature which occurs due to advancement of the 
reaction during the storage period.
4.5
 Freshly mixed
 2 days
 3 days
 9 days
 10 days
30 days
2.5
0.5
-0.5
105 125
Temperature (®C)
Figure 4.9: Dynamic DSC data (heat 1) for freezer stored formulations comprising PGE (5 g) and 1-ethyl-
3-methylimidazoIium acetate (0.25 g)
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Table 4.5: Dynamic DSC data (heat 1) for freezer stored formulations comprising PGE (5 g) and 1-ethyI-
3-methylimidazoIium acetate (0.25 g)
TmaxCC) Onset (°C) Endset (°C) Enthalpy (J/g)
Freshly mixed 116 75 138 446
2 days 116 80 138 412
3 days 117 75 137 528
9 days 115 66 138 440
10 days 118 74 138 549
30 days 120 93 138 294
Formulations comprising DGEBA and 1-methylimidazole 
Formulation stored in the freezer
The low temperature shoulder on the main peak, observed in the DSC curing profiles for the 
ionic liquids, is believed to be attributable to a prerequisite reaction that must occur given that 
both nitrogen atoms are substituted and are unable to attack the epoxy ring directly. 
Consequently, it was decided to investigate the storage stability of a formulation of DGEBA 
(5 g) and 1-methylimidazole (0.25 g); a known initiator which is only substituted at one of 
the nitrogen atoms and therefore, according to Heise and Martin^, should exhibit a single, 
smooth exothermic peak when analysed using DSC. The thermal data for the study are 
presented in Figure 4.10 and Table 4.6.
It has been reported in the Chapter 2 that the slight anomaly observed at approximately 100 
°C is an instrument fault and will therefore be discounted in terms of any analysis.
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Figure 4.10: Dynamic DSC data (heat 1) for freezer stored formulations comprising DGEBA (5 g) and 1-
methylimidazole (0.25 g)
Table 4.6: Dynamic DSC data for freezer stored formulations comprising DGEBA (5 g) and 1-
methylimidazole (0.25 g)
Fmax
r c )
Onset
Cc)
Endset
(T )
Enthalpy
(J/g)
Onset
TgCC)
T,
CC)
Endset 
Tg ('C)
Freshly mixed 129 90 158 403 138 140 146
2 days 129 86 167 430 140 144 156
3 days 128 88 168 424 139 146 151
8 days 128 79 168 454 137 139 147
9 days 128 83 168 377 138 145 156
30 days 126 77 168 403 139 145 157
56 days 124 84 168 377 136 143 153
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A smooth exothermic peak is observed (Figure 4.10) whieh indicates direct reaction with the 
epoxy as shown in the reaction mechanism in Figure 4.11. Table 4.6 reveals that, whilst there 
are variances in terms of the onset temperature and the enthalpy values, the glass transition 
temperature values do not change markedly.
0" adduct
Figure 4.11: Formation of an O' adduct via reaction between 1-methylimidazole and the epoxy ring (R =
alkyl group)
Whilst there are slight variances in the reported DSC values, there are no changes of marked 
significance over the 56 day analysis window. This suggests that the reaction can be retarded 
to an extent when stored at sub-zero temperatures, even when there is an unsubstituted 
nitrogen atom capable of reacting directly with the epoxy ring. This implies that the changes 
observed in the DSC data for the epoxy formulations containing the ionie liquid initiators are 
due to an alternative mechanism which does not, in the first stage, involve attaek of the epoxy 
ring via a nitrogen atom. Additionally, there would be no potential route to form a carbene 
whieh further supports the theory that the reaction which occurs at sub-zero temperatures is 
due to a much more reactive species being formed.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate 
Formulation stored in the freezer in dark glass bottles
In addition to monitoring of samples stored in the freezer in elear glass seintillation vials, the 
effect of storage in dark glass sample bottles was also examined.
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Figure 4.12 shows the results obtained for samples of 1-ethyl-3-methylimidazolium 
aeetate/DGEBA whieh were stored in dark glass bottles. The thermograms show the same 
behaviour as the samples stored in elear glass scintillation vials with an obvious loss of the 
shoulder on the main exothermic peak. The numerical data extracted from the thermograms 
are presented in Table 4.7.
4.1 -,
 Freshly mixed
 3 days (dark glass)
 14 days (dark glass)
 24 days (dark glass)
 30 days (dark glass)
52 days (dark glass) 
301 days (dark glass)
80 100 120 
Temperature (®C)
200
Figure 4.12: Dynam ic DSC data (heat 1) for freezer stored form ulations com prising DG EBA (5 g) and 1- 
ethyl-3-methyIimidazoIium acetate (0.25 g) in dark glass bottles
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Table 4.7: Dynamic DSC data for freezer stored formulations comprising DGEBA (5 g) and l-ethyl-3- 
methylimidazolium acetate (0.25 g) in dark glass bottles
Tmax
Cc)
Onset
m
Endset
m
Enthalpy
(J/g)
Onset
TgCC)
T,
CC)
Endset
TgCC)
Freshly mixed 118 67 169 495 132 142 155
3 days 115 64 185 481 147 158 170
14 days 114 65 189 461 149 162 173
24 days 114 63 188 500 145 157 172
30 days 114 63 179 422 143 155 171
52 days 113 63 187 457 145 160 173
301 days 115 72 178 380 142 151 164
Whilst the exothermic profiles for the clear and dark sample bottles appear very similar it is 
interesting to compare the overlaid thermograms. Figure 4.13 shows the thermograms for 
both samples stored in clear and dark glass bottles, however, for clarity, the thermograms 
have been separated in Figures 4 .14-4 .19  to compare how the profiles differ.
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Figure 4.13: Comparison of dynamic DSC data (heat I) for freezer stored formulations comprising 
DGEBA (5 g) and l-ethyl-3-methyiimidazolium acetate (0.25 g) in clear glass (red data) and dark glass
bottles (blue data)
The exothermic profiles for both samples are very similar after being stored in the freezer for 
3 days (Figure 4.14). A difference is seen for the samples after 14 days of storage (Figure 
4.15) where the shoulder on the main peak is lost in the sample stored in a clear glass bottle 
yet is still present for the sample stored in a dark glass bottle. After 24 days (Figure 4.16) the 
shoulder peak in the thermogram for the sample stored in a dark glass bottle has almost 
disappeared and by 30 days (Figure 4.17) both samples follow an almost identical curve; an 
observation whieh is held for samples after 52 days (Figure 4.18) and 301 days (Figure 4.19).
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Figure 4.14: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising 
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g) in clear glass and dark glass bottles
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Figure 4.15: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g) in clear glass and dark glass bottles
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Figure 4.16: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising 
DGEBA (5 g) and l-ethyI-3-methylimidazolium acetate (0.25 g) in clear glass and dark glass bottles
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Figure 4.17: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising
DGEBA (5 g) and l-ethyl-3-methylimidazoIium acetate (0.25 g) in clear glass and dark glass bottles
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Figure 4.18: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising 
DGEBA (5 g) and l-ethyI-3-methylimidazolium acetate (0.25 g) in clear glass and dark glass bottles
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Figure 4.19: Comparison of dynamic DSC data (heat 1) for freezer stored formulations comprising
DGEBA (5 g) and l-ethyl-3-methylimidazolium acetate (0.25 g) in clear glass and dark glass bottles
148
It is not obvious why samples stored in dark sample bottles appear to react more slowly in the 
freezer than those stored in clear glass bottles as within the freezer environment both samples 
will effectively be stored in reduced light levels. Therefore it is likely that the dark glass 
bottles aid in retarding the reaction during the 30 minute period that the sample is removed 
from the freezer prior to an aliquot being taken for analysis. It is probable that after the low 
temperature reaction has started, the dark glass no longer retards the reaction to any greater 
degree and, hence, the samples display a similar exothermic profile after a longer storage 
time.
Samples of 1-ethyl-3-methylimidazolium dicyanamide/DGEBA which were stored in dark 
glass sample bottles did not exhibit any differences in the resulting thermograms when 
compared with those of samples stored in clear glass sample bottles.
4.2.2 Monitoring of Formulations via Dynamic Oscillatory Rheology
DGEBA was mixed with each ionic liquid using an automated mixer at a speed of 2500 rpm 
for two consecutive periods of 2 minutes. A sample was analysed immediately and the 
remaining material placed in storage. The samples for subsequent analyses, which were 
stored at sub-zero temperatures, were removed from the freezer and allowed to equilibrate at 
room temperature for a period of 30 minutes prior to the start of the measurement. The ionic 
liquids used in this study were 1-ethyl-3-methylimidazolium acetate, 1-ethyl-3- 
methylimidazolium dicyanamide and 1-ethyl-3-methylimidazolium thiocyanate.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate 
Formulation stored in the freezer
Figure 4.20 shows the results obtained for 1-ethyl-3-methylimidazolium acetate (1 g) mixed 
with DGEBA (20 g). It can be seen that the loss modulus decreases during the early stages of 
the reaction which is due to the decrease in viscosity of the sample as a function of 
temperature. The storage modulus remains fairly constant during the first part of the reaction 
for the freshly mixed sample, although these values are not displayed on the graph for the 
other samples as zero and negative values cannot be represented on a log scale. It is evident 
from Figure 4.20 that the storage time has an effect on the rheology of the sample. The
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freshly mixed sample and the sample which has been stored in the freezer for 1 week do not 
exhibit marked differences in terms of the gel point temperature and the vitrification point 
temperature with both samples reporting a value of 103 °C and 110 °C for the gel point and 
vitrification point temperature respectively. Differences in these values are observed after 2 
weeks of storage when the values decrease to 99 °C and 107 °C. The trend is continued for 
the sample that was stored for 3 weeks which has a gel point temperature value and 
vitrification point temperature value of 98 °C and 106 °C respectively. These data show that 
the reaction advances during the storage period in the freezer.
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Figure 4.20: Dynamic oscillatory rheology data for freezer stored formulations comprising DGEBA (20 g)
and l-ethyl-3-methylimidazolium acetate (1 g)
Formulation stored at room temperature
Figure 4.21 shows the results obtained when the same amounts of 1-ethyl-3- 
methylimidazolium acetate and DGEBA were mixed and stored at room temperature and 
analysed over a period of hours. The differences between the freshly mixed sample and the 
sample stored for 1 hour are significant. The gel point temperature for the freshly mixed
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sample is 103 °C compared with 98 °C for the 1 hour sample and the vitrification 
temperatures are 110 °C and 105 °C for the freshly mixed and 1 hour sample respectively. A 
general trend is established for the remaining samples with the gel point gently shifting to 
lower temperatures by approximately 3 °K as well as the vitrification point temperature 
shifting. Unlike for samples stored in the freezer, where the final storage modulus value is 
shown to be larger for the sample that has been stored for the longest period in the freezer, 
the final storage moduli in this case are all very similar. This implies that the overall 
mechanism of reaction is not affected in spite of advancement of the reaetion occurring 
during storage.
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Figure 4.21: Dynamic oscillatory rheology data for room temperature stored formulations comprising 
DGEBA (20 g) and l-ethyl-3-methylimidazolium acetate (1 g)
The viscosity of the sample is seen to increase over the storage time at room temperature as 
ean be seen in Table 4.8. The viscosity for the samples stored in the freezer is not reported 
owing to the possible time differenees for the equilibrium period at room temperature which 
could influence the results.
151
Table 4.8: Viscosity of room temperature stored formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium acetate (1 g)
Freshly mixed 1 h 2.5 h 3.5 h 5 h
Viscosity (Pa.s) 8.47 9.90 12.80 15.00 20.40
Formulation stored in the freezer
Figure 4.22 shows the data obtained when 1-ethyl-3-methylimidazolium acetate (3 g) was 
mixed with DGEBA (20 g). The first significant aspect to notice in Figure 4.22 is the 
presence of a double loss modulus peak and the accompanying drop in the storage modulus 
coinciding with the second loss modulus peak. A decrease in the storage modulus implies the 
material starts to behave more as a liquid as opposed to a solid which would be in agreement 
with a double loss modulus peak where it is supposed that the reacting mixture exceeds the 
glass transition temperature of the vitrified mixture which consequently leads to further 
reaction. As with the sample stored in the freezer containing 1 g of ionic liquid, there is no 
significant difference between the fi'eshly mixed sample and the sample stored for 1 week, 
however the shift in the gel point temperature and the vitrification point temperature becomes 
apparent after a two week storage period.
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Figure 4.22: Dynamic oscillatory rheology data for freezer stored formulations comprising DGEBA (20 g)
and l-ethyl-3-methylimidazolium acetate (3 g)
Formulation stored at room temperature
1-Ethyl-3-methylimidazolium acetate (3 g) and DGEBA (20 g) were mixed and stored at 
room temperature. It is evident from Figure 4.23 that the gel point shifts to a lower 
temperature after storage for 1 h which is accompanied by a shift to lower temperatures for 
the two loss modulus peaks. A drop in the storage modulus is also seen to coincide with the 
second loss modulus peak, however the overall value of the storage modulus remains very 
similar at the end of the reaction for both samples. The viscosity was seen to increase over the 
60 minute period; a value of 7.14 Pa.s was measured for the freshly mixed sample compared 
with a value of 15.00 Pa.s for the stored sample. It is worthy of note that the increase in ionic 
liquid concentration serves to decrease the initial starting viscosity of the freshly mixed 
sample however appears to cause a more rapid increase in the viscosity over the same 
duration of storage. This is logical as the reactant is acting as a diluent in the early stages.
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Figure 4.23: Dynamic oscillatory rheology data for room temperature stored formulations comprising 
DGEBA (20 g) and l-ethyl-3-methylimidazolium acetate (3 g)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium dicyanamide 
Formulation stored at room temperature
Given that the DSC storage study revealed that there were no signifieant ehanges in samples 
of 1-ethyl-3-methylimidazolium dicyanamide mixed with DGEBA, it was decided to 
investigate the formulation at room temperature. Consequently, the ionic liquid (1 g) and 
DGEBA (20 g) were mixed together and analysed over a period of weeks with the results 
shown in Figure 4.24. It is clear, as it was from the DSC thermogram, that the reaction occurs 
at a higher temperature in comparison with the other initiators. The moduli values at the gel 
point are markedly lower than for the other initiators studied and the final storage modulus 
value is lower than for the other initiators. Additionally, there is no obvious peak in the loss 
modulus curve to indicate the vitrification point. The storage modulus and loss modulus are 
seen to cross during the early part of the reaction, however this is ignored until both moduli 
start to increase significantly in value. As expected, the curve corresponding to the stored 
sample is shifted to a lower temperature however, whilst the viscosity of the sample increased 
from 3.42 Pa.s to 6.31 Pa.s over the storage period, this is a dramatically slower increase than
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when compared with other samples which showed a faster increase in viscosity over a period 
of hours rather than weeks as is the case here. This highlights the latent ability of this initiator 
and promotes its use in one-pot formulations.
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Figure 4.24: Dynamic oscillatory rheology data for room temperature stored formulations comprising 
DGEBA (20 g) and l-ethyl-3-methylimidazolium dicyanamide (1 g)
Formulation stored at room temperature
Consequently, it was decided to investigate how well the initiator maintained its latent ability 
when the amount of 1-ethyl-3-methylimidazolium dicyanamide was increased by a factor of 5 
{i.e. ionie liquid (5 g) mixed with DGEBA (20 g)). The results, shown in Figure 4.25, indicate 
that the gel point of the freshly mixed sample occurs at 156 °C compared with 165 °C for the 
freshly mixed sample containing 1 g of initiator. This shows that the reaction occurs faster 
with an increase in the amount of initiator used. It can be seen that there is a steady decrease 
in the gel point temperature as the storage time is increased although, in contrast to the other 
samples, the viscosity is not seen to increase markedly over time (see Table 4.9) and has a 
lower value than that of the sample with 1 g of initiator after 4 weeks storage.
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Table 4.9: Viscosity of room temperature stored formulations comprising DGEBA (20 g) and l-ethyl-3-
methylimidazolium dicyanamide (5 g)
Freshly mixed 1 week 2 weeks 3 weeks 4 weeks
Viscosity (Pa.s) 1.96 1.92 1.67 1.69 2.33
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Figure 4.25: Dynamic oscillatory rheology data for room temperature stored formulations comprising 
DGEBA (20 g) and l-ethyl-3-methylimidazolium dicyanamide (5 g)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium thiocyanate 
Formulation stored in the freezer
The final ionic liquid investigated was 1-ethyl-3-methylimidazolium thiocyanate (1 g) mixed 
with DGEBA (20 g). The results are shown in Figure 4.26. There is not a significant shift to 
lower temperatures as storage time increases although there is a 3 drop in gel point 
temperature between the freshly mixed sample and the sample which had been stored for 1 
week. The remaining samples exhibit the same gel point temperature and vitrification point 
temperature irrespective of the storage period, implying that the species responsible for the
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advancement of the reaction forms quickly. A summary of all the gel point temperatures and 
vitrification point temperatures from the rheology data is given in Table 4.10.
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Figure 4.26: Dynamic oscillatory rheology data for freezer stored formulations comprising DGEBA (20 g)
and l-ethyl-3-methylimidazolium thiocyanate (1 g)
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Table 4.10: Dynamic oscillatory rheology data for stored formulations comprising DGEBA (20 g) and 1- 
ethyI-3-methylimidazolium acetate, l-ethyI-3-methyIimidazoIium dicyanamide and l-ethyI-3-
methyiimidazolium thiocyanate
Storage
time
Gel point
m
Vitrification 
point 1 CQ
Vitrification 
point 2 CC)
Fresh 103 110 -
1 -ethyl-3-methylimidazolium acetate 1 week 103 110 -
(1 g) / Freezer 2 weeks 99 107 -
3 weeks 98 106 -
Fresh 103 110 -
1 hour 98 105
1 -ethyl-3-methylimidazolium acetate
2.5 hours 98 104 -
( l g ) / R T
3.5 hours 97 103 -
5 hours 96 103 -
Fresh 101 105 130
1 -ethyl-3-methylimidazolium acetate
1 week 101 105 129
(3 g) / Freezer
2 weeks 96 101 124
1 -ethyl-3-methylimidazolium acetate Fresh 101 105 130
( 3 g) /RT 2 hours 96 101 126
1 -ethyl-3 -methylimidazolium Fresh 165 185 -
dicyanamide
4 weeks 157 180 -
( l g ) / R T
Fresh 156 - -
1 -ethyl-3 -methylimidazolium 1 week 155 - -
dicyanamide 2 weeks 152 - -
( 5 g) /RT 3 weeks 152 - -
4 weeks 150 - -
Fresh 112 117 -
1 -ethyl-3-methylimidazolium
1 week 109 115 -
thiocyanate
2 weeks 109 115 -
(1 g) / Freezer
3 weeks 109 115 -
- not determined
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The rheology data show that there is a change in the materials’ storage and loss moduli values 
which occurs during the storage period. The changes observed in the DSC thermograms, 
which can be summarised as changes in the low temperature reaction, can be seen - according 
to the rheology data - to impact the gel point and vitrification point temperatures. In examples 
where the amount of initiator has been increased it was seen that, with respect to the lower 
amount of initiator, both the gel point and vitrification points were reached at earlier 
temperatures. The viscosity of samples stored at room temperature was seen to increase over 
the storage time in all cases with the exception of 1-ethyl-3-methylimidazolium dicyanamide 
where it was actually seen to decrease in the first 2 weeks. This result was not expected and 
further investigation is needed before any firm conclusions are drawn.
4.2.3 Concluding Remarks on Monitoring of Formulations via Physical 
Characterisation Techniques
The thermal analyses performed have highlighted issues regarding storage of formulations. 
The visual inspection of samples (Table 4.1) revealed that 1-ethyl-3-methylimidazolium 
acetate and 1-ethyl-3-methylimidazolium thiocyanate containing formulations underwent a 
marked colour change within a six day period at room temperature which was in contrast to 
the 1-ethyl-3-methylimidazolium diethyl phosphate and 1-ethyl-3-methylimidazolium 
dicyanamide containing formulations which were not observed to change noticeably during 
the same period. This correlates well with the DSC data which reveal that the two initiators 
which underwent a significant colour change have marked low temperature shoulders on the 
main exothermic peak, whereas the two initiators which remained broadly the same over the 
storage period exhibited two discrete exothermic peaks in the DSC data. These findings 
indicate that the acetate and thiocyanate anions are less thermally stable than the diethyl 
phosphate and dicyanamide anions. The more in-depth freezer study highlighted the 
progressive disappearance of the shoulder peak in the 1-ethyl-3-methylimidazolium acetate 
containing formulations which was not seen to replicate in terms of the first exothermic peak 
in the 1-ethyl-3-methylimidazolium dicyanamide containing formulations. The inclusion of 
1 -methylimidazole containing formulations sought to highlight the fact that the shoulder peak 
was as a result of the substitution of the nitrogen atoms and its progressive disappearance was 
due to a more reactive species than an unsubstituted nitrogen atom.
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Rheology data support the DSC data in that the gel point and vitrification point temperatures 
were seen to decrease over the storage period. This implies that the shoulder peak is related to 
the speed at which the gel point is reached which was discussed in the previous chapter where 
it was seen that DSC analysis of a sample which had already reached its gel point, as 
measured by the gelation timer, exhibited a single exothermic peak devoid of any shoulder 
reactions meaning that the sample had advanced during the storage period. The fact that the 
samples which contain 1-ethyl-3-methylimidazolium thiocyanate show an immediate 
decrease in the gel time after being stored in the freezer for 1 week and then appear to settle 
suggests that the mechanism of reaction is different from samples containing 1-ethyl-3- 
methylimidazolium acetate, where a gradual decrease in the time to gelation is observed over 
the storage period.
4.3 Monitoring of Formulations via Chemical Characterisation Methods
Whilst thermal analysis data can provide good insight into the physical changes which occur 
in samples during the storage period, they cannot provide any evidence as to how the 
materials are changing at a chemical level. It is, for this reason, important to combine thermal 
data with spectroscopic data to obtain a deeper picture of the samples under investigation. 
Raman spectroscopy and NMR spectroscopy were consequently selected as suitable methods 
of analysis.
4.3.1 Monitoring of Formulations via Raman Spectroscopy
Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate 
Formulations stored at room temperature
PGE was selected as the epoxy in this investigation due to the significant colour change from 
light yellow to dark red which occurs within a short time period {ca. 60 minutes) when it is 
mixed with 1-ethyl-3-methylimidazolium acetate. PGE (5 g) and 1-ethyl-3- 
methylimidazolium acetate (0.25 g) were mixed in a clear glass scintillation vial and analysed 
every 5 minutes at a laser power of 150 mW in the region 400 -  4000 cm '\ 16 scans were 
performed on each sample and the average spectrum for each sample is presented in Figure 
4.27.
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Figure 4.27: Raman spectroscopy data for a room tem perature stored form ulation com prising PGE (5 g)
and l-ethyl-3-m ethylim idazoIium  acetate (0.25 g)
It is apparent that no marked differences are observed between the spectra obtained at 
different times. During the 60 minute analysis period, the sample was seen to turn from a 
very light yellow to a very dark red/brown although no obvious increase in viscosity was 
observed by eye. In order to ascertain what occurs during this time frame, peaks of interest 
were studied such as the epoxy ring stretch and the C-0 ether stretch (Figure 4.28). No 
significant differences were observed suggesting that the initial reaction, encompassed by the 
shoulder reaction, does not involve the epoxy ring to a significant degree. The DSC data (not 
shown) for a formulation of 1-ethyl-3-methylimidazolium acetate/PGE stored at room 
temperature for a period of 60 minutes reveal that the shoulder peak has indeed been lost or, 
at least, greatly reduced in size. Whilst the main éthérification reaction (major DSC peak) 
would result in changes in the peaks of interest in the Raman spectrum, it is likely that the 
first reaction does not involve a sufficient number of epoxy groups to cause either a decrease 
in the peak characteristic of the epoxy group or an increase in the peak which is attributed to 
an ether stretch.
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Figure 4.28: Expanded spectrum  showing Raman spectroscopy data for a room tem perature stored  
form ulation com prising PGE (5 g) and l-ethyl-3-m ethylim idazoIium  acetate (0.25 g)
4.3.2 Monitoring of Formulations via Nuclear Magnetic Resonance (NMR) 
Spectroscopy
It was reported in Figures 4.27 and 4.28 that no significant changes were observed in the 
spectral bands during a 60 minute period at room temperature, however, analysis via NMR 
spectroscopy allows more subtle changes in the formulation to be observed. For this reason, 
the formulations are based on a 1 : 1  stoichiometry which is a deviation from the standard 1 0 0  
parts epoxy to 5 parts ionic liquid. It was not expected for this, in the absence of heat, to 
impact the reaction mechanism significantly and, moreover, it was expected that the increase 
in the concentration of initiator would highlight any changes that occur within the initiator 
itself.
PGE (2 g) and ionic liquid (2.27 g (acetate) and 2.25 g (thiocyanate)) were mixed and stored 
in a closed glass scintillation vial at room temperature. An aliquot (ca.70 - 80 mg) was taken 
from the formulation at intervals and mixed with deuterated acetone {ca. 80 ml) and placed in 
a NMR tube for analysis using the standard parameters described in Chapter 2.
1 6 2
Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate 
Formulation stored at room temperature
Figure 4.29 shows the expanded overlaid NMR spectra. The spectra include, from bottom 
to top, 1-ethyl-3-methylimidazolium acetate (dark blue), PGE (red), 0 minutes (dark green), 
30 minutes (purple), 50 minutes (yellow), 70 minutes (orange) and 90 minutes (light green). 
Any new peaks, which cannot be assigned to the starting materials, are highlighted with an 
asterisk (*).
A number of changes occur over the storage period. The acidic proton peak (6 ) shifts 
downfield upon addition of the epoxy and greatly reduces in size until the point at which it is 
no longer observable in the spectrum vGthout significant magnification. Integration of the 
peak area suggests that, in general, the peak decreases relative to the aromatic ring protons 
{A), over the storage time, although the trend is not linear (Table 4.11). This suggests that the 
mechanism does not simply consist of one reaction and is likely to be influenced by other 
processes which would account for the area of the peak to fluctuate. Protons 2 and 3 on the 
imidazolium ring experience a slight upfield shift upon addition of the epoxy, however, retain 
a fairly constant chemical shift over the storage period and integrate to the same value 
relative to the protons labelled as A. This upfield shift is consistent with deprotonation 
occurring as the electron density of the ring will be increased meaning that the protons on the 
ring and alkyl groups will be more shielded. Protons, A, B, C, D, E, F  and G, which are 
attributable to the PGE component do not show a significant change in the position when 
combined with the ionic liquid, however, integration of the peaks attributed to protons E, F  
and G, which are associated with the epoxy group, reveal a decrease in area over the storage 
period. The ratio of the protons with respect to the aromatic ring protons {A), which should 
not change, is represented graphically in Figure 4.30. It can be seen that it is proton 6 which 
exhibits the most change over time.
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Figure 4.30: Ratio o f proton integral change in a room tem perature stored 1:1 form ulation com prising
PGE and l-ethyl-3-m ethyIim idazolium  acetate
The NMR spectra (not shown) do not reveal the presence of any new peaks. However, 
they do show that the peak which is attributable to the NCHN carbon is not visible in the 
sample after 70 minutes of storage time. This supports the NMR spectra which suggest the 
suppression of the NC//N proton after the same storage period.
Formulations comprising PGE and 1-ethyl-3-methylimidazolium thiocyanate 
Formulation stored at room temperature
Figure 4.31 shows the expanded overlaid NMR spectra for a sample analysed over a 
period of 8  days. Any new peaks, which cannot be assigned to the starting materials, are 
highlighted with an asterisk (*).
It can be seen from Figure 4.31 that the shifts remain very similar over the analysis period. 
Table 4.12 provides a summary of all the integrals and ratios of each peak with respect to the 
aromatic ring protons (A) which are thought to remain constant throughout the analysis.
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These ratio data are presented graphically in Figure 4.32. It can be seen that the acidic proton
(6) remains fairly constant in its integral value after an initial decrease in the first 2 0  minutes 
until the 1 day mark and then is seen to dramatically diminish after 8  days. The protons close 
to and on the epoxy ring (A E, F  and G) remain fairly constant for a period of 90 minutes 
and are then seen to begin decreasing (in terms of the integration value). The nevy peak which 
emerges after 2 0  minutes has a relatively constant value with respect to the aromatic protons, 
however is revealed to disappear after 8  days. The remaining peaks do not vary significantly 
in intensity.
The formulation changes colour markedly from light yellow to dark red over approximately 
60 minutes. The emergence of the new peak is very likely key to understanding the reaction 
which occurs in the early stages and is thought to be attributable to formation of an 
intermediate species as a result of reaction between the thiocyanate anion and the epoxy ring. 
The fact that the shift for proton 6 remains visible and there is not such a marked shift in the 
imidazolium ring protons to lower ppm values suggests that, at room temperature, the 
reaction between 1-ethyl-3-methylimidazolium thiocyanate and PGE does not proceed via a 
carbene initiation pathway. The peak at approximately 2.0 ppm (marked with an asterisk) in 
the 1 day spectrum is unidentified, although it is hypothesised that it may be due to residual 
acetone remaining in the NMR tube after a cleaning process was employed and, as such, will 
be discounted from any discussion.
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Figure 4.32: Ratio o f proton integral change in a room tem perature stored 1:1 form ulation com prising
PGE and l-ethyl-3-m ethylim idazolium  thiocyanate
The NMR spectra (not shown) reveal the presenee of the expected peaks from the starting 
materials. It can be seen that the peak corresponding to 6 diminishes over time, however no 
new peaks are observed. This suggests that the peak which appears in the NMR spectra 
does not involve a new carbon environment.
4.3.3 Concluding Remarks on Monitoring of Formulated Samples via Chemical 
Characterisation Techniques
NMR spectroscopy has revealed a likely discrepancy between the initiation mechanisms of 1 - 
ethyl-3-methylimidazolium acetate and 1 -ethyl-3-methylimidazolium thiocyanate with 
respect to PGE. Whilst it appears that deprotonation occurs when the epoxy is mixed with the 
ionic liquid with the acetate counter ion, there is no evidence to suggest a similar process 
occurs in the case of the thiocyanate anion. This is expected as it is not believed that the 
thiocyanate anion is a strong enough base to abstract the acidic proton. The presence of the 
peak corresponding to the acidic hydrogen (6 ) in the NMR spectra remains relatively
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unchanged in the thiocyanate formulation for a longer period of time than for the acetate 
formulation. This fits well with the DSC data, which show that the onset of reaction occurs at 
a lower temperature when 1-ethyl-3-methylimidazolium acetate is used in the formulation. In 
both cases the signals corresponding to the epoxy ring are not seen to be affected to a 
significant degree and a new peak is observed which is seen to increase and then 
subsequently decrease over the storage period. This suggests that the mechanism involves a 
build-up of a certain species which is a prerequisite to initiation of the epoxy ring. These data, 
along with other data, are combined in Chapter 6  to suggest a plausible reaction mechanism.
4.4 Investigation into the Effect of Water on Ionic Liquids
It is known that ionic liquids are hygroscopic and therefore, it was considered important to 
investigate the impact of water absorption on the initiating ability of the ionic liquids when 
combined in a formulation with an epoxy. Prior to addressing the effect of water on ionic 
liquids in combination with an epoxy, it was deemed useful to assess the ionic liquids in 
isolation. This was performed using various spectroscopic techniques including ATR-IR and 
NMR spectroscopy.
4.4.1 Monitoring the Effect of Water on Ionic Liquids via Attenuated Total Reflectance 
-  Infrared (ATR-IR) Spectroscopy
A sample of the ionic liquid was placed directly on the diamond crystal and analysed 
immediately. After the scan, the golden gate accessory was opened for a period of 5 minutes 
to allow the sample to be exposed to the atmosphere whilst remaining in situ on the crystal. 
Subsequently, the gate was closed and the sample rescanned. This process was repeated over 
a period of 60 minutes.
1-Ethyl-3-methylimidazolium acetate
In the case of l-ethyI-3-methylimidazolium acetate (Figure 4.33), evolution of peaks 
corresponding to water molecules can be observed over the analysis period. The emergence 
of a broad peak in the region 3200 -  3300 cm“^ is indicative of the symmetric and asymmetric
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stretching modes of water. The broad peak appears to show two peak maxima as the exposure 
time is increased which are separated by approximately 100 cm"'. This observation can be 
attributed to the fact that both protons in the water molecule are involved in hydrogen 
bonding with the ionic liquid, possibly resulting in a symmetric complex of two anions per 
one water molecule (Figure 4.34). In addition, a peak emerges at approximately 1627 em'^ 
which is attributable to the bending mode of water with the literature reporting this bending
mode to occur in infra-red spectra between 1500 and 1700 cm-1 4
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Figure 4.33: ATR-IR spectra o f l-ethyl-3-m ethylim idazolium  acetate exposed to the atm osphere for a
period o f 60 minutes
Figure 4.34: Symmetrical com plex o f two acetate anions per water molecule
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l-Ethyl-3-methylimidazolium diethyl phosphate
As with 1-ethyl-3-methylimidazolium acetate, an obvious peak emerges in the stretching 
mode region of water molecules (Figure 4.35). A broad peak emerges at approximately 3350 
cm'^ and, unlike in the previous example, does not exhibit two prominent peak maxima. This 
could be due to the fact that both peaks will broaden and, hence, merge due to the hydrogen 
bonding. The emerging peak at approximately 1640 cm"^  represents the bending vibration in 
the water molecule" .^
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Figure 4.35: ATR-IR  spectra o f l-ethyl-3-m ethylim idazolium  diethyl phosphate exposed to the
atm osphere for a period o f 60 minutes
l-Ethyl-3-methylimidazolium dicyanamide
A broad peak is seen to emerge at approximately 3430 cm'* in Figure 4.36. In this particular 
ionic liquid, the amide stretch at ca.3480 cm'*, remains visible in the early part of the 
exposure period, however is swamped in the later stages by the broad peak for the OH 
stretching vibrations. The corresponding peak for the bending mode of the water molecule is
observed at ca. 1620 cm-1 4
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Figure 4.36: ATR-IR spectra o f l-ethyl-3-inethylim idazolium  dicyanam ide exposed to the atm osphere for
a period o f 60 minutes
1 -Ethyl-3-methylimidazolium thiocyanate
A broad peak is observed around 3400 em'* which steadily emerges over the first 35 minutes 
of exposure (Figure 4.37). The spectra which are recorded post the 35 minute mark are shown 
to display unexpected trends such as the lack of an obvious complete broad peak in the OH 
stretching region. One explanation of this could be that the ionic liquid has become saturated 
(in terms of water absorption) and consequently the spectra have become swamped. A peak 
representing the water bending mode can possibly be seen emerging at a lower frequency 
than for the other ionic liquids at approximately 1530 cm"* which may suggest that there is a 
difference in the degree of hydrogen bonding observed which is accompanied by the 
observation that the stretching modes are shifted to higher frequencies than for the other ionic 
liquids which suggests a lesser degree of hydrogen bonding.
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Figure 4.37: ATR-IR spectra o f l-ethyl-3-m ethylim idazolium  thiocyanate exposed to the atm osphere for a
period o f 60 minutes
Studies utilising the same ATR-IR spectroscopy set up involving exposing the ionic liquid in 
situ on the diamond crystal to the atmosphere were carried out by Cammarata et alf’ who 
reported that, in agreement with the results presented above, peaks relating to the absorption 
of water can be seen in the spectra. Figure 4.38 shows the spectra obtained in the study where 
the ionic liquid used was 1-butyl-3-methylimidazolium tetrafluoroborate. It can be seen that 
over time, the absorbance bands indicative of water grow due to absorption of water from the 
atmosphere. The shapes and positions of the peaks do not change markedly over time and, 
hence, it was concluded that the state of water remained the same over the water 
concentrations seen in this study.
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Figure 4.38: ATR-IR spectra o f l-butyI-3-m ethyliniidazolium  tetrafluoroborate exposed to the 
atmosphere for a period o f time (taken from work by Cam m arata et al.Ÿ
In addition, Figure 4.39 shows the spectra obtained when a sample of 1-butyl-3- 
methylimidazolium trifluoroacetate is exposed to the atmosphere. In this example the fresh 
sample is indicated by the dashed-dotted line (- • -), the sample exposed for 90 minutes by the
dashed line (----- ) and the saturated sample by the solid line (-). In the same way as the
tetrafluoroborate sample, the bands were observed to grow as the exposure time was 
increased and were seen to retain a similar position and shape which implied that the state of 
water did not change over the eoncentration range of water absorbed from the atmosphere at 
ambient temperature. The authors noted however, that in the ease of the latter example, the 
state of the absorbed water is different from that of the former example; an observation 
evidenced by the difference in the shape of the peaks between the two ionie liquids. By 
extension, it can be seen in Figure 4.40 that when the bands relating to water absorption in 
the different ionie liquids are compared, the state of water is different. The dieyanamide and 
thioeyanate samples have very similar profiles in terms of the water absorption bands, 
however these differ from the acetate and diethyl phosphate samples which also have very 
similar profiles. It could also be suggested that the state of absorbed water changes over the 
exposure time in the case of l-ethyl-3-methylimidazolium thioeyanate which is evidenced by 
the differences observed in the spectra after approximately 35 minutes. The differences and 
similarities observed can potentially be explained by consideration of the hydrogen bond 
acceptor ability of the anions. Diethyl phosphate and acetate are known to have the highest
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acceptor abilities of the four ionic liquids studied meaning that, in theory, they can absorb 
more water due to the facile stabilisation of the water moleeules through hydrogen bonding 
with the anion. The thiocyanate and dicyanamide also have similar, although lower, values 
meaning that less water is absorbed.
0  0 8 -
0  0 6 -
O  0  0 4 -
0 0 2 -
000
3 5 0 0  3 4 0 0
Wavenumber (cm*’)
3 3 0 0 3 2 0 03 7 0 0 3 6 0 0
Figure 4.39: ATR-IR spectra o f l-butyl-3-m ethylim idazolium  trifluoroacetate exposed to the atm osphere 
for a period o f time (taken from work by Camm arata et aUŸ
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Figure 4.40: Comparison o f ATR-IR spectra for l-ethyl-3-m ethylim idazolium  acetate, l-ethyI-3- 
m ethylimidazolium  diethyl phosphate, l-ethyl-3-m ethyIim idazolium  dicyanam ide and I-ethyl-3- 
m ethylimidazolium thiocyanate exposed to the atm osphere for 30 and 60 minutes
4.4.2 Monitoring the Effect of water on Ionic Liquids via Nuclear Magnetic Resonance 
(NMR) Spectroscopy
I-Ethyl-3-methylimidazolium acetate
Hall et al.^ studied the effect of spiking a sample of 1-ethyl-3-methylimidazolium acetate 
with various amounts of water to investigate the effect this had on the chemical shifts of the 
protons observed in the NMR spectrum. According to the analysis using the methyl group 
on the imidazolium ring as a reference peak, all ring protons moved to a more upfield 
position with the acidic proton between the two nitrogen atoms showing the greatest 
movement in terms of its shift. This observation was reported as indicating that the hydrogen 
bonded network of the ionie liquid had been disrupted. Simulation models comprising the 
ionic liquid and the water moleeules suggested that the water molecules’ preferred position is 
near to the acidic proton; a position that the anion also favours. Upon addition of the water, 
the strength of the bond between the water and the acidic proton is weaker than that between 
the anion and the acidic proton however the anion and the water interact through strong
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hydrogen bonds. As a result, the anions move further away from the cation and form strong 
bonds with the water molecule resulting in the upfield shift of the ring protons. The CH2  
group of the ethyl side chain does not experience any significant shift and the two remaining 
methyl groups display a slight downfield shift. The water molecules also undergo an upfield 
shift which suggests that the presence of the ionic liquid causes the water molecules to bond 
more strongly to the anion than to each other. The absence of any unidentified peaks in the 
spectra led the authors to conclude that no new compounds were formed or, if any were, were 
short lived or at a very low concentration.
A similar study was replicated in the present work by storing a sample of 1-ethyl-3- 
methylimidazolium acetate in an open glass scintillation vial for a period of 90 minutes in 
order to observe whether any differences could be seen between the NMR spectrum of the 
sample taken directly from the bottle and that of the exposed sample. The samples were run 
in deuterated DMSO and the resulting and spectra are shown in Figures 4.41 and 4.42 
respectively.
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Figure 4.41: Overlaid NM R spectra o f l-ethyl-3-m ethylim idazolium  acetate in deuterated DM SO
(fresh -  blue and exposed to atmosphere -red )
It is clear from Figure 4.41 that there are no new earbon environments within the sample and, 
likewise, no carbon environments display any changes meaning that all peaks are accounted 
for.
The NMR spectra, shown in Figure 4.42, for the two samples reveal the presenee of a new 
shift at approximately 4.0 ppm in the exposed sample. Reference to the literature suggests 
that water is known to exhibit a peak at approximately 3.65 ppm in deuterated DMSO. It is 
also known that, due to the hygroscopic nature of DMSO, a residual peak is observed in the 
spectrum at approximately 3.30 ppm which is as a result of proton exchange with deuterium 
in the water molecule; an observation noted in both spectra in Figure 4.42. It is assumed that 
the new shift is as a result of water uptake by the ionic liquid during the exposure period. In 
agreement with Hall et al.^, the ring protons are seen to experience an upfield shift with the 
most acidie proton exhibiting the greatest shift although the other peaks are unaffected. It is 
important to note that the sample was not spiked with water in this work, as it was in the case 
of Hall et al.^, and therefore the effects experienced by the protons in this research will be
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significantly less. Table 4.13 summarises the integration and splitting pattern of the observed 
peaks.
Exposed to atmosphere for 90 minutes
8 -
Fresh from bottle
3
1 1
Figure 4.42: Overlaid H NM R spectra o f l-ethyI-3-m ethyIim idazolium  acetate in deuterated DM SO
(fresh -  blue and exposed to atm osphere -red )
Table 4.13: H N M R  spectroscopy shift data for l-ethyl-3-m ethylim idazolium  acetate after exposure to
the atm osphere
Peak Position (ppm) 
Fresh Exposed
Splitting pattern 
Fresh Exposed Fresh
Integral
Exposed
1 3.88 3.87 singlet singlet 3.03 2.98
2 7.97 7.89 triplet triplet 0.98 0.98
3 7.86 7.79 triplet triplet 0.98 0.98
4 4.21 4.20 quartet quartet 2.07 2 . 1 1
5 1.38 1.39 triplet triplet 3.14 3.11
6 10.27 9.96 singlet singlet 1 . 0 0 1 . 0 0
7 1.59 1.60 singlet singlet 3.12 3.08
4.05 singlet - 3.04
- not calculated
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A COSY NMR spectrum, shown in Figure 4.43, was acquired to observe how the protons in 
the new peak interaeted with other protons in the ionic liquid.
4 * 1
2 3 
_JjL_ i i
rw
F2 [ppm]
Figure 4.43: H NM R COSY spectrum  of l-ethyl-3-m ethylim idazolium  acetate exposed to the atm osphere
Analysis of the COSY spectrum revealed the coupling of protons 2 and 3 (protons on the 
imidazolium ring) with proton 1 (methyl group on imidazolium ring) and coupling of protons 
4 (CH2 group) and 7 (methyl group on imidazolium ring) with 5 (CH3 group on alkyl chain). 
The proton at position 2 on the imidazolium ring (referred to as proton 6) was seen to interact 
with a number of other protons including those labelled 2, 5, 4 and 7 as well as the 
unidentified peak. This was expected as Ficke et al.^ reported the strong interaction between 
the acidic hydrogen and water at the 2  position on the ring when water is incorporated into 
the network.
1 8 2
4.5 Monitoring of the Initiating Ability of Ionic Liquids after Exposure to 
the Atmosphere
It is known that the imidazolium based ionie liquids are highly hygroscopic, as evidenced 
above, and therefore it was necessary to investigate how the uptake of water affected the 
initiating ability of the ionic liquid.
A sample of 1-ethyl-3-methylimidazolium acetate was dried under vacuum at 40 °C for 
approximately 15 hours. The sample was subsequently divided between four glass 
scintillation vials which had been stored in a drying oven for 24 hours prior to use and left 
without a lid on in the fume cupboard. The samples were weighed alter 2, 3 and 6 days and 
analysed using ATR-IR spectroscopy and then combined with PGE for DSC analysis. Table 
4.14 shows the starting and final weights of the samples. The increase in weight was due to 
water absorption from the atmosphere.
Table 4.14: W eight (g) o f l-ethyl-S-m ethylim idazoIium  acetate after exposure to the atm osphere over a
period o f  6 days
2 days 3 days 6 days
Initial weight (g) 14.2457 14.4848 14.3252
Final weight (g) 14.6021 15.0493 14.9802
Difference (g) 0J564 0.5645 0.6550
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4.5.1 Monitoring of Formulations via Attenuated Total Reflectance Infrared (ATR-IR) 
Spectroscopy
1-Ethyl-3-methylimidazolium acetate
The resulting ATR-IR spectroscopy data are shown in Figure 4.44.
0.19
0.14
-Fresh l-ethyl-3-methyliniidazolium acetate
-Dried 1-ethyl-3-methylimidazolium acetate
-Dried -f- 2 days exposure
-Dried -  3 days exposure
■Dried -  6 days exposure
-Dried -  10 days exposure
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3600 3100 2600 2100 
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Figure 4.44: ATR-IR  spectra o f dried l-ethyl-3-m ethylim idazolium  acetate which has been exposed to the
atm osphere over a num ber o f days
It is apparent from Figure 4.44 that a broad band appears in the spectra over the course of 
exposure time which is attributable to water absorption. The large peak in the fresh and dried 
samples, which is characteristic of the overlapping CH stretching modes in the imidazolium 
ring, appears to have been lost and a broad OH stretching band appears in the samples which 
have been exposed. The emergence of the peak at around 1635 cm'^ is indicative of the 
bending modes in water and is further evidence of water absorption" .^
Additionally, it appears that the CCH3 stretching mode and the CH3 bending mode in the 
acetate anion {ca. 1245 cm'* and 1423 cm'* respectively) are lost in the samples which have
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been exposed to the atmosphere. There also appears to be a shift in the position of a number 
of signals including the one characteristic of ring in-plane asymmetrical stretching {ca. 1375 
cm'^) which shifts to higher wavenumbers as soon as the sample has been exposed to the 
atmosphere.
4.5.2 Monitoring of Formulations via Dynamic Differential Scanning Calorimetry 
(DSC)
Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate
Samples of the ionic liquid (0.05 g) after the various exposure times were mixed with PGE (1 
g) and analysed using DSC at a scan rate of 10 K/min from 20 °C to 140 °C. The dried 
initiator was also analysed to confirm that the drying process had not affected the initiating 
ability of the material. The DSC thermograms are shown in Figure 4.45.
6
 Fresh initiator
 Dried initiator
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Figure 4.45: Dynam ic DSC data for form ulations com prising PGE (5 g) and dried and exposed l-ethyl-3-
m ethylimidazolium  acetate (0.25 g)
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upon addition of the ionic liquid to PGE, small globules were formed which remained after 
mixing, indicating that the two liquids were immiscible. Subsequent DSC analysis showed 
that the initiating ability of the ionic liquid had been lost as no exothermic peaks were 
observed in the thermograms. The dried sample, which had not been exposed to the 
atmosphere, was shown to delay the onset of the reaction considerably and to shift the Tmax 
value to a higher temperature than the sample that was taken freshly from the bottle. The fact 
that the ionic liquid was shown not to initiate the reaction can be explained by the hydrogen 
bonding and the proton abstraction effect in the material. The ability of the dried sample to 
delay the onset of the reaction considerably may well be as a result of the loss of water which 
could catalyse the éthérification mechanism in the later stages of the reaction.
4.5.3 Concluding Remarks on Monitoring of the Initiating Ability of Ionic Liquids After 
Exposure to the Atmosphere
It is known that the acetate anion bonds very strongly with the H atom at the 2 position on 
the imidazolium ring and in some cases, the C2-H2 bond in the imidazolium ring is broken 
and the proton abstracted by the acetate anion to form acetic acid and a carbene. When water 
is incorporated into the system, the distance between the H atom at the 2 position on the ring 
and the oxygen atom of the acetate anion is increased meaning that the proton is not 
abstracted and carbene formation is not possible^. This potentially explains why the initiating 
ability is lost; if the acetate anion preferentially forms hydrogen bonds vfith the water 
molecules and does not favour formation of carbenes, the ring opening reaction of the epoxy 
ring will be prevented. It was also apparent from the COSY spectrum of a sample left open to 
the atmosphere that the absorbed water interacts with the hydrogen atom at position 2. This 
would also contribute towards the diminishing initiating capability as the two positions would 
essentially be blocked. A combination of the preferential hydrogen bonding of the water with 
the anion and the association of water molecules around the cation (where the anion 
previously resided) would render the initiation mechanism very difficult to achieve.
The uptake of water from the atmosphere is shown very clearly for all the ionic liquids 
studied through the use of ATR-IR spectroscopy and, in the case of 1-ethyl-3- 
methylimidazolium acetate, the influence of the water on the curing reaction with PGE is 
shown using DSC analysis. The state of the water absorbed is shown to differ between the 
ionie liquids studied and the difference in amount of water absorbed is rationalised by the
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hydrogen bond aceeptor ability of the anions in question. Literature studies suggest that the 
acetate anion, when paired with the 1-ethyl-3-methylimidazolium cation, has the highest 
hydrogen bond acceptor value of > 1.00 followed closely by the diethyl phosphate anion 
which has a reported value of 1.00. The thiocyanate and dicyanamide anions have reported 
values of 0.71 and 0.64 respectively. Therefore it would be interesting in a future study to 
compare the effect of water on the initiating ability of the dicyanamide anion as this may be 
affected to a lesser degree due to the lower hydrogen bond acceptor ability value.
4.6 Concluding Remarks on Investigation of the Effects of Storage 
Conditions on Formulations
It is apparent that the storage of one-pot formulations of ionic liquid with epoxy is not 
possible for certain ionic liquids. Thermal analysis techniques have revealed the advancing 
reaction in samples which have been stored and analysed periodically in terms of both the 
rheology data and the exothermic cure profile. Inferenees drawn from spectroscopy data 
include the emergence of a new peak at the expense of the acidic proton peak which is seen to 
vary in production/consumption rate between the two different ionic liquid systems analysed 
using NMR spectroscopy and the relatively insignificant effect this appears to have on the 
epoxy ring in the early stages of the reaction.
Investigation into the effect of the uptake of water on the initiating ability of the ionic liquid 
has shown itself to be very significant. The data suggest that a previously dried sample of 1- 
ethyl-3-methylimidazolium acetate which had subsequently been exposed to the atmosphere 
for a number of days before being mixed with PGE was rendered unable to initiate the 
polymerisation reaction. Whilst it would be assumed that the hydroxyl groups present, as a 
result of water uptake, would be able to catalyse the éthérification reaction, the lack of this 
initiating ability has been attributed to the preferential interaction of the water molecules with 
the acetate anion and the interaction of the water molecules around the acidic hydrogen.
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Chapter 5 
Investigation into the Effect o f  Modification o f  Structure on Formulations
5.1 Introduction
The preceding chapters highlight the importance of the acidic hydrogen atom and the role of 
the anion in combination with the cation when employed as initiators for the polymerisation 
of epoxies. A methyl group, substituted in place of the acidic hydrogen atom, is observed to 
undergo deuterium exchange in the presence of a weak base\ and researchers at BASF have 
also reported thermal analysis data for 1-ethyl-2,3-dimethylimidazolium acetate/DGEBA 
formulations which reveal similar onset temperatures, pot lives and Tmax values when 
compared with 1-ethyl-3-methylimidazolium acetate/DGEBA formulations. Thus, it was 
necessary to employ a more complex group which reacts with the ionic liquid at the acidic 
position. It was envisaged that such a compound would react with the ionic liquid, in the 
absence of a solvent, and form an adduct-type structure which would improve the latency of 
the formulation whilst, itself, being non-initiating towards the epoxy monomer.
An example of a reaction where an ionic liquid has been employed is in the Baylis-Hillman, 
reaction (Figure 5.1), where Afonso et al? reported an enhanced reaction rate with the 
addition of the ionic liquid.
OH
NR- PhCHO
Ph
Figure 5.1: The Baylis-H illm an reaction ( N R 3  = 5-hydroxy quinuclidine)^
In this reaction however, further investigation by Aggarwal et al? revealed that a significant 
side reaction was actually occurring between the benzaldehyde (the aldehyde component in
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the Baylis-Hillman reaction) and the ionic liquid. Whereas Afonso et al? had used gas 
chromatography to monitor the rate of formation of the product with respect to benzaldehyde 
only, Aggarwal et al? concluded that, whilst the disappearance of benzaldehyde was faster in 
the presence of the ionic liquid, the rate at which it was converted did not match the rate at 
which the methyl acrylate was consumed. This led to the discovery that the faster 
consumption of benzaldehyde in the presence of ionic liquid was actually due to the ionic 
liquid, under the mild basic conditions of the reaction, being deprotonated and reacting with 
benzaldehyde as shown in Figure 5.2.
/
PhCHO
NRg =
Figure 5.2: Scheme of reaction between l-butyl-3-methyIimidazolium chloride and benzaldehyde
Owing to the fact that Aggarwal et al? had reported the direct reaction of ionic liquid with 
benzaldehyde under mildly basic conditions to yield the adduct in Figure 5.2, and the 
preceding chapters have outlined the concept of the acetate anion being a sufficiently strong 
base to deprotonate the 1-ethyl-3-methylimidazolium cation, it was logical to investigate 
whether an adduct comprising 1-ethyl-3-methylimidazolium acetate and benzaldehyde could 
be produced in the absence of other reactants. Rodriguez et al? reported both the reaction of 
elemental chalcogens (such as sulphur) with imidazolium acetates to yield imidazole-2-
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chalcogenones and the reaction of a 1:1 stoichiometric mixture of benzaldehyde and 
imidazolium acetates to yield an imidazolium-benzaldehyde adduct. Consequently it was 
decided to replicate the work of these authors, by employing molar ratios of 1:1, 0.7:1, 0.5:1 
and 0.1:1 (ionic liquid:benzaldehyde), and replacing the neat ionic liquid in the epoxy 
formulation with the adduct to observe whether this affected the latency of the formulation by 
impacting the proposed reaction mechanism involving carbene formation.
5.2 Investigation into Adduct Formation
Adducts comprising 1-ethyl-3-methylimidazolium acetate and benzaldehyde, 1-ethyl-3- 
methylimidazolium thiocyanate and benzaldehyde and 1-ethyl-3-methylimidazolium acetate 
and sulphur were investigated.
5.2.1 Monitoring of Adduct Formation via Nuclear Magnetic Resonance (NMR) 
Spectroscopy
Adducts comprising 1-ethyl-3-methylimidazolium acetate and benzaldehyde
The direct reaction of 1-ethyl-3-methylimidazolium acetate and benzaldehyde was carried out 
using the masses presented in Table 5.1.
Table 5.1: Mixing weights for adducts comprising l-ethyI-3-methylimidazoIium acetate and benzaldehyde
Molar ratio 1-Ethyl-3-methylimidazolium acetate (g) Benzaldehyde (g)
1:1 2.622 1.637
0.7:1 1.787 1.637
0.5:1 1.277 1.637
0.1:1 0.255 1.637
The resulting expanded NMR spectra and peak assignments are shown in Figure 5.3 for 
samples dissolved and analysed in deuterated DMSO.
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If the spectrum corresponding to the benzaldehyde is considered (red spectrum), the furthest 
downfield peak at approximately 10.0 ppm is assigned to the aldehyde proton. This is the 
typical region for this sort of proton due to the strong inductive effect and the anisotropy of 
the carbonyl group. Expansion of the multiplet in the region 7.5 -  8.0 ppm shows three 
distinct peaks consisting of a doublet for the protons situated in the ortho position relative to 
the carbonyl group on the benzene ring, a triplet for the para proton and a triplet for the meta 
protons. This multiplet is shown to integrate to 5H as expected. The doublet representing the 
ortho protons undergoes some additional splitting as a result of long-range coupling with the 
para proton and the carbonyl group which, due to its anisotropic nature, causes splitting of an 
asymmetric nature. A similar phenomenon exists for the meta protons which are shown to 
undergo some additional asymmetric splitting. The triplet for the para proton appears to be 
much better defined with the further splitting arising from symmetrical long-range coupling 
between the ortho protons, although, again, the asymmetric nature can be attributed to the 
effect of the anisotropic carbonyl group on the ortho protons^. It would appear, based on 
visual inspection of Figure 5.3, that new peaks arise in the spectra which can be attributed to 
the formation of the adduct. If the 0.1:1 sample is considered, where there is significantly 
more benzaldehyde than 1-ethyl-3-methylimidazolium acetate present in the sample, it would 
be expected that the peaks observed are due to the adduct rather than the residual ionic liquid 
starting material. This can be seen, for example, in the shift attributed to proton 5, where the 
observed shift for 5 is seen where there is a higher concentration of ionic liquid, whereas the 
shift attributable to 5 ' is more apparent as the amount of ionic liquid is increased which leads 
to more adduct formation. The expanded spectra (Figure 5.3) reveal the presence of starting 
materials and of shifts related to the adduct which are denoted by (’). The aromatic ring 
protons in the adduct are also seen to shift upheld.
The NMR spectra are presented in Figure 5.4. It can be seen that the expected peaks are 
present from the starting materials with the addition of some extra peaks which are attributed 
to changes in the aromatic ring environment upon formation of the adduct which was 
discussed in relation to the NMR spectra. Additionally, a new peak at approximately 65.0 
ppm is seen to emerge in the adduct spectra.
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Owing to the new peaks observed in both the NMR and NMR spectra, a structure for 
the adduct was postulated (Figure 5.3). As a means of confirmation of the proposed structure, 
additional NMR spectroscopy was performed on a sample of the 0.5:1 adduct. The HSQC 
spectrum, revealing the coupling of the protons with the carbon atoms, can be seen in Figure 
5.5.
Table 5.2 summarises the data in Figure 5.5 showing which protons are coupled with which 
carbon atoms. The aromatic ring protons are seen to couple with the aromatic ring carbon 
atoms and an expansion of the multiplet region, as a result of both starting materials and 
adduct being present, reveals the coupling of the new proton environments to the carbon 
atoms in the new environment. The new peak in the NMR spectra is shown to couple with 
the new carbon environment in the NMR spectra and is in the region which is indicative 
of a CHOH group.
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Table 5.2: Summary of coupling of carbon atoms and protons in the 0.5:1 adduct obtained from a HSQC
NMR spectrum
Proton Carbon
1 1 E
8 , 2, 3,10, 9 D, B, A, C, 2, 3
8 % 2% 3% 10% 9' D%B%C%A’
* **
4 4
1 1
7 7,8
5 5,4
In addition, DEPT NMR analysis was performed (Figure 5.6) to confirm whether the new 
carbon peak was attributable to a C, CH, CH2  or CH3 environment. All expected peaks were 
accounted for in the spectrum (8 is not seen as it is a quaternary carbon atom) and the new 
peak was confirmed to reside in either a CH or CH3 environment. Considering all the spectral 
data, it is concluded that the resulting structure is that presented in Figure 5.5.
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The percentage conversion of benzaldehyde (PhC^O) to the product (PhC^OH) is presented 
in Table 5.3. It can be seen that as the amount of ionic liquid increases, the percentage of 
adduct increases and the percentage of unreacted benzaldehyde remaining in the sample 
decreases.
Table 5.3: Composition of l-ethyI-3-methylimidazoIium acetate-benzaidehyde reaction mixture
determined by H NMR spectroscopy
% Adduct % Benzaldehyde
0.1:1 10 90
0.5:1 56 44
0.7:1 68 32
1:1 86 14
Adducts comprising 1-ethyl-3-methylimidazolium thiocyanate and benzaldehyde
The NMR spectrum for the 1:1 reaction of 1-ethyl-3-methylimidazolium thiocyanate 
(2.611 g) and benzaldehyde (1.637 g) reveals no new peaks relating to adduct formation 
(Figure 5.7). This suggests that the thiocyanate anion is not sufficiently basic to promote 
deprotonation of the cation and subsequent reaction with benzaldehyde at room temperature 
in the absence of an additional base.
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Adducts comprising 1-ethyl-3-methylimidazolium acetate and sulphur
The overlaid NMR spectra (Figure 5.8) for a 1:1 adduct comprising 1-ethyl-3- 
methylimidazolium acetate (2.021 g) and sulphur (0.374 g) reveal the presence of new peaks 
which are associated with adduct formation when compared with the spectra of the starting 
materials. It appears that the original peaks relating to the 1-ethyl-3-methylimidazolium 
acetate starting material are present as well as additional peaks for the adduct which are 
shifted upheld. It is likely that the peak at approximately 2.0 ppm in the adduct spectrum is as 
a result of acetonitrile still being present in the product.
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5.3 Investigation into Formulations Comprising Epoxy and Adduct
Following the successful synthesis of 1-ethyl-3-methylimidazolium acetate-benzaidehyde and 
1-ethyl-3-methylimidazolium acetate-thione adducts, the next stage was to replace the ionic 
liquid in the initiator/epoxy formulations with the adduct to observe the effect of the adducts 
on the reaction. Consequently, the onset temperature of the reaction, the glass transition 
temperature of the final resin, the overall enthalpy of the reaction, the mechanical properties 
of the final resin and the spectroscopic properties of the sample were compared with the 
values obtained when 1-ethyl-3-methylimidazolium acetate was used as the initiator in its 
unmodified form.
5.3.1 Analysis of Formulations Comprising Epoxy and Adduct via Dynamic Differential 
Scanning Calorimetry (DSC)
Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate-benzaidehyde 
adduct
The masses of both components used in the formulations are shown in Table 5.4. The number 
of moles of 1-ethyl-3-methylimidazolium acetate was kept consistent to allow comparison 
between the final results.
Table 5.4: Mixing weights o f formulations comprising PGE and l-ethyl-3-methylimidazolium acetate-
benzaidehyde adduct
1 -ethyl-3-methylimidazolium 
acetate-benzaidehyde
Adduct (g) PGE(g)
1:1 0.41 5
0.7:1 0.47 5
0.5:1 0.56 5
The materials were weighed into clear glass scintillation vials and analysed using DSC 
immediately after mixing. Subsequently, samples of each formulation were stored at both 
room temperature and in the freezer for further analysis; a 30 minute period out of the freezer
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was allowed to elapse before measurement. All samples {ca. 0.8 mg) were subjected to a 
heat-eool-heat temperature programme from 20 °C to 190 “C at 10 K/min under nitrogen gas.
A comparison of the thermograms resulting from reaction of PGE with the adducts, neat 1 - 
ethyl-3-methylimidazolium acetate and neat benzaldehyde is presented in Figure 5.9. It can 
be seen from the thermogram that the overall enthalpy of the reaction is decreased when the 
adducts are employed in place of 1-ethyl-3-methylimidazolium acetate and, additionally, no 
reaction is observed with benzaldehyde. The lack of an exothermic peak in the 
benzaldehyde/PGE sample allows the assumption that the change in profile between the 1- 
ethyl-3-methylimidazolium acetate/PGE samples and the adduet/PGE samples is due to the 
varying amount of free 1-ethyl-3-methylimidazolium acetate present. The numerical values 
of interest have been extracted from the data and are presented in Table 5.5.
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Figure 5.9: Dynamic DSC data (heat 1) for freshly mixed formulations comprising PGE (5 g) and 1-ethyl
3-methyIimidazolium acetate-benzaidehyde adduct
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Table 5.5: Dynamic DSC data (heat 1) for freshly mixed formulations comprising PGE (5 g) and 1-ethyl-
3-methylimidazolium acetate-benzaidehyde adduct
Onset Endset Enthalpy Tmax
m m (J/g) m
1:1 61 154 294 95, 121
0.7:1 74 183 463 97, 122
0.5:1 75 183 436 101, 123
1 -ethyl-3-methylimidazolium acetate 67 157 823 90, 117
benzaldehyde - - - -
no reaction observed
It can be seen that, in all cases, the first exothermic reaction occurs at a higher temperature 
when an adduct is used (as opposed to l-ethyI-3-methylimidazolium acetate in isolation). The 
Tmax values are shifted to higher temperatures for all the adducts when compared with the 
Tmax value for the ionic liquid and the first peak appears as a much more defined reaction 
which is completed before the second major reaction occurs. This would imply that the 
adduct must undergo some rearrangement in order to initiate the reaction or the reaction 
proceeds via a different mechanism. The fact that the Tkiax values for the major peak occur at 
broadly the same temperature irrespective of the adduct used whereas the TAax values for the 
lower temperature peak are shifted to higher temperatures with decreasing ionic liquid 
content in the adduct, suggests that it is the first stage of the reaction which is impacted by 
the inclusion of the adduct. This ftirther supports the theory that the low temperature shoulder 
reaction is as a result of carbene formation. The residual ionic liquid left in the adduct 
mixture will contribute towards the initiation of the curing reaction which may well be the 
species responsible for the small shoulder peak on the first reaction which can be seen around 
87-91  °C. Given that the enthalpy of the reaction is considerably lower with the use of the 
adducts it can be concluded that the reaction proceeds more easily with the adduct, once 
initiated, than with the ionic liquid.
It was of paramount interest to observe how these samples behaved during a period of storage 
and for this reason the data presented next pertain to samples which have been stored at room 
temperature and sub-zero temperatures in the freezer over a period of time. Figure 5.10 shows 
the sample containing the 1:1 adduet/PGE which has been stored in the freezer for a period of 
13 days. Through visual inspection of the thermogram it can be seen that the shape of the
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exothermic curve does not change considerably over the storage time and there are still two 
very distinct peaks. This is supported by the observation of the lack of colour change 
observed in the bulk sample over the storage period; a light yellow colour remained which 
did not appear to darken over time which would suggest that the reaction did not advance 
significantly whilst at sub-zero temperatures. In contrast to these data, the 1:1 adduet/PGE 
sample which was stored at room temperature did not afford the same latency and quickly 
darkened in colour to present a viscous, dark red mixture. The data are presented in Figure 
5.11 and it can be concluded that the reaction has progressed during storage from the shapes 
of the curves.
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Figure 5.10: Dynamic DSC data (heat 1) for freezer stored formulations comprising PGE (5 g) and 1- 
ethyI-3-methyIimidazolium acetate-benzaidehyde (1:1) adduct (0.41 g)
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Figure 5.11: Dynamic DSC data (heat 1) for room temperature stored formulations comprising PGE (5 g) 
and l-ethyI-3-methyIimidazolium acetate-benzaidehyde (1:1) adduct (0.41 g)
The first peak, according to Figure 5.11, is lost almost completely after 6 days of storage at 
room temperature and is accompanied by a darkening of the reaction mixture. As the number 
of days of storage increases, the viscosity increases and the sample progressively becomes a 
darker red colour which is accompanied by a decrease in the enthalpy value of the reaction 
and an increase in the onset temperature. This is due to the fact that the first reaction is 
believed to have already occurred at room temperature. However, interestingly the onset of 
the second reaction still appears at a similar temperature to the other samples. Table 5.6 
shows the data of interest extracted from the thermograms.
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Table 5.6: Dynamic DSC data for stored formulations comprising PGE (5 g) and l-ethyI-3-
methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
Freezer Room temperature
Onset Endset Enthalpy Tmax Onset Endset Enthalpy Tmax
CC) CC) (J/g) m CC) Cc) (J/g) (°C)
Fresh 61 154 294 95, 121 61 154 294 95,121
2 days 69 184 392 92, 119 68 181 537 121
6 days 63 177 571 92,120 65 181 256 126
9 days 66 174 425 91, 120 80 171 58 134
13 days 66 169 357 92,120 96 187 120 133
As can be seen from Table 5.6, the samples stored in the freezer still have two Tmax values 
which, in keeping with the statement made earlier regarding the similarity of the curves, do 
not change appreciably in position. In contrast, only one Tmax value can be taken from the 
room temperature thermograms and these shift to higher temperatures as the storage time is 
increased. Additionally, the onset values confirm that the reaction is advancing as they shift 
to higher temperatures. However, this is due primarily to the fact that the samples which have 
been stored longer have lost the first reaction (i.e. the lower temperature reaction).
A very similar phenomenon is observed for both the 0.7:1 adduct/PGE mix and the 0.5:1 
adduct/PGE sample at room temperature and at sub-zero temperatures (data not shown).
In order to establish whether the area of each peak changed during storage, peak fitting 
software (Grams)^ was used to deconvolute the DSC thermograms. The area of each fitted 
peak was calculated as a percentage of the total area under the curve and, from this, the 
contribution of each fitted peak to the total enthalpy of the reaction was assigned. The results 
relating to the deconvolution of the 1:1 adduct/PGE samples stored at room temperature are 
shown in Figures 5 .12-5.16 with the numerical data presented in Table 5.7.
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Figure 5.12: Peak fitting of dynamic DSC data (heat 1) for a freshly mixed formulation comprising PGE 
(5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.13: Peak fitting of dynamic DSC data for a room temperature stored (2 days) formulation 
comprising PGE (5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.14: Peak fitting of dynamic DSC data for a room temperature stored (6 days) formulation 
comprising PGE (5 g) and l-ethyl-3-methyIimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.15: Peak fitting of dynamic DSC data for a room temperature stored (9 days) formulation 
comprising PGE (5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.16: Peak fitting of dynamic DSC data for a room temperature stored (13 days) formulation
comprising PGE (5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Table 5.7: Peak fitting of dynamic DSC data (heat 1) for room temperature stored formulations
comprising PGE (5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
1:1
RT
Centre Height Width Area
% of
area
Process 1 82.10 0.32 12.95 4.36 7
Fresh Ongoing process 113.04 0.71 49.88 37.63 58
Process 2 113.10 1.27 17.28 23.37 36
Process 1 82.13 0.15 9.54 1.52 2
2 days Ongoing process 109.02 1.20 41.09 52.44 55
Process 2 112.79 2.20 17.94 42.05 44
Process 1 61.92 0.01 16.78 0.19 0.4
6 days Ongoing process 112.77 0.93 38.69 38.11 88
Process 2 119.07 0.33 14.36 5.02 12
Process 1 - - - - -
9 days Ongoing process 129.84 0.21 42.16 9.45 93
Process 2 143.39 0.03 18.83 0.67 7
Process 1 - - - - -
13 days Ongoing process 144.34 0.37 43.12 16.62 82
Process 2 125.84 0.15 21.95 3.58 18
- not present
It can be seen from the peak fitting of the room temperature samples that as storage time 
increases, the percentage area assigned to the first process decreases. In contrast, if the peak 
fitting is applied to the samples stored in the freezer it can be seen that the areas of each peak 
remain broadly the same over the storage period. The data are presented in Figures 5.17 -  
5.21 and in Table 5.8.
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Figure 5.17: Peak fitting of dynamic DSC data (heat 1) for a freshly mixed formulation comprising PGE 
(5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.18: Peak fitting of dynamic DSC data for a freezer stored (2 days) formulation comprising PGE
(5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.19: Peak fitting of dynamic DSC data for a freezer stored (6 days) formulation comprising PGE 
(5 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.20: Peak fitting of dynamic DSC data for a freezer stored (9 days) formulation comprising PGE
(5 g) and l-ethyI-3-methyIimidazolium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Figure 5.21: Peak fitting of dynamic DSC data for a freezer stored (13 days) formulation comprising PGE 
(5 g) and l-ethyI-3-methyIimidazoiium acetate-benzaldehyde (1:1) adduct (0.41 g)
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Table 5.8: Peak fitting of dynamic DSC data (heat 1) for freezer stored formulations comprising PGE (5
g) and l-ethyl-3-methylimidazoIium acetate-benzaldehyde (1:1) adduct (0.41 g)
1:1
Freezer
Centre Height Width Area
% of
area
Process 1 82.10 0.32 12.95 4.36 7
Fresh Ongoing process 113.04 0.71 49.88 37.63 58
Process 2 113.10 1.27 17.28 23.37 36
Process 1 80.20 0.46 11.07 5.36 8
2 days Ongoing process 104.85 0.68 45.90 33.05 46
Process 2 111.17 1.85 16.56 32.69 46
Process 1 80.04 0.59 11.79 7.39 7
6 days Ongoing process 108.40 0.86 50.73 46.50 45
Process 2 112.14 2.54 18.47 49.87 48
Process 1 91.59 0.46 10.94 5.33 8
9 days Ongoing process 118.65 0.74 39.74 31.26 46
Process 2 119.87 1.87 15.76 31.32 46
Process 1 91.55 0.39 11.33 4.67 8
13 days Ongoing process 116.14 0.77 36.11 29.41 52
Process 2 119.64 1.53 13.87 22.58 40
The above data support the conclusions drawn from the DSC data that the samples stored in 
the freezer see relatively little progression of reaction under those conditions whereas the 
samples stored at room temperature appear to advance considerably in terms of the low 
temperature reaction.
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate-sulphur adduct
The thione adduct (0.30 g) was mixed with DGEBA (5 g) and a sample (2 mg) was analysed 
using DSC employing a heat-cool-heat cycle from 0 °C to 180 °C at 10 K/min. The data are 
presented in Figure 5.22.
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Figure 5.22: Dynamic DSC data for a freshly mixed formulation comprising DGEBA (5 g) and 1- 
ethyl-3-methylimidazolium acetate-sulphur (1:1) adduct (0.30 g)
It is evident that the exothermic reaction is composed of a number of different processes 
which are not completed during the analysis period {i.e. the exotherm is not complete by 180 
°C). This observation is evidenced by the second heating cycle tending towards higher heat 
flow values as opposed to going through a glass transition. Consequently, the enthalpy of the 
reaction and glass transition temperature are not reported. If, however, the thermogram for 
the thione adduct/DGEBA formulation is compared with that of the neat 1-ethyl-3- 
methylimidazolium acetate/DGEBA formulation (Figure 5.23) it can clearly be seen that the 
onset temperature is shifted to significantly higher temperatures and the overall enthalpy of 
the reaction is markedly lower. The high temperature peak is also observed which is 
proposed to be attributable to a dealkylation mechanism.
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Figure 5.23: Comparison of dynamic DSC data for formulations comprising DGEBA (5 g) and 1- 
ethyI-3-methylimidazoIium acetate (0.25 g) and l-ethyl-3-methyIimidazolium acetate-sulphur
(1:1) adduct (0.30 g)
The reaction of sulphur with 1 -ethyl-3 -methylimidazolium acetate appears to be an effective 
method for delaying the onset of the reaction with an epoxy due to the effective rendering of 
the 2 position unreactive. It would be critical to investigate how this behaves over a longer 
period of time to fully establish whether this would go towards meeting the one-pot 
formulation criterion.
5.3.2 Analysis of Formulations Comprising Epoxy and Adduct \ia Dynamic Oscillatory 
Rheology
The viscosities of the samples were extracted from the first data point on the rheology curves 
and are presented in Table 5.9. The data point was recorded immediately after mixing at 
approximately 30 °C. The gel point, in this work, is defined as the point at which the storage 
modulus and loss modulus cross over each other and the vitrification point is defined as the 
peak maximum in the loss modulus curve^.
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Formulations comprising
adduct
DGEBA and 1-ethyl-3-methylimidazolium acetate-henzaldehyde
It is apparent from Table 5.9 that the substitution of 1-ethyl-3-methylimidazolium acetate for 
the adduct does not increase the viscosity of the sample which is vital for later stage 
processing considerations. Inclusion of the 0.1:1 adduct dramatically lowers the initial 
starting viscosity which can potentially be problematic as it may make handling more 
difficult.
Table 5.9: Dynam ic oscillatory rheology data for freshly m ixed form ulations com prising D G EBA  (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde adducts
Initial 
viscosity (Pa.s)
Gel point
m
Vitrification 
point CC)
1 -ethyl-3-methylimidazolium acetate/DGEBA 8.47 103 110
0.1:1 adduct/DGEBA 0.22 116 126, 145
0.5:1 adduct/DGEBA 4.87 112 118
0.7:1 adduct/DGEBA 7.12 109 114
1:1 adduct/DGEBA 7.55 109 114
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Figure 5.24: Dynam ic oscillatory rheology data for freshly mixed form ulations com prising DG EBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde adducts
It is apparent from Figure 5.24 that the loss modulus decreases for all samples during the first 
part of the reaction. This is due to the increase in temperature which reduces the viscosity of 
the sample before both the storage and loss modulus begin to increase until the storage 
modulus becomes greater than the loss modulus and the gel point is reached. At this point in 
the reaction the system exhibits viscoelastic behaviour, hence the crossover of the two 
moduli. After this the material becomes more elastic as the curing reaction advances, 
ultimately leading to the vitrification point. The introduction of the adduct causes a shift in 
the gel point to higher temperatures {i.e. the reaction takes longer to reach the gel point) 
suggesting that the adduct is efficient in retarding the reaction. The peak in the loss modulus 
data is also shifted to a higher temperature suggesting that the point at which crosslinks are 
introduced into the system is delayed with the adduct. There is a shift which is dependent on 
the adduct used, with the 0.1:1 adduct having the most pronounced effect in terms of the shift 
of the curves from the standard ionic liquid initiator. Interestingly, a double loss modulus 
peak is very prominent in the 0.1:1 adduct and, upon closer inspection, is also evident in the 
other adduct samples, although to a less obvious extent. It is noted that the second peak in the
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loss modulus is at the highest temperature for the 1:1 adduet and moves steadily to a lower 
temperature as the amount of ionic liquid in the adduets is reduced. This may simply be due 
to an injection of temperature during the heating ramp which causes a slight rearrangement of 
the molecule leading to, essentially, two vitrification points being observed or, particularly in 
the case of the 0.1:1 adduet, the significant increase in the amount of adduct needed to obtain 
the same number of moles of 1-ethyl-3-methylimidazolium acetate in the sample may have a 
plasticising effect on the network.
As with the samples analysed by DSC, the bulk sample was stored in the freezer and analysed 
at weekly intervals to observe whether any changes in the rheological behaviour occurred 
during storage. The rheological profiles pertaining to the 1:1, 0.7:1, 0.5:1 and 0.1:1 stored 
adduct/DGEBA mixtures are shown in Figures 5.25 - 5.28 respectively.
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Figure 5.25: Dynam ic oscillatory rheology data for freezer stored form ulations com prising DGEBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct (0.41 g)
A period of 30 minutes at room temperature was allowed to elapse before commencement of 
the measurement for samples which had been stored in the freezer. Owing to external factors.
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it is not possible to guarantee that all samples were exposed for exactly the same length of 
time and therefore only starting viscosities of freshly mixed samples are reported, and not 
those for samples analysed periodically throughout their storage period.
10000000 1
1000000  -
100000  -
10000  -
' ' Freshly mixed (storage modulus)
  Freshly mixed (loss modulus)
 1 week freezer (storage modulus)
 1 week freezer (loss modulus)
 2 weeks freezer (storage modulus)
- - - - 2  weeks freezer (loss modulus)
 3 weeks freezer (storage modulus)
 3 weeks freezer (loss modulus)
&
1000 -
b
100 -
150 170 19090 110 13030 50 70
T e m p e r a tu r e  (“€ )
Figure 5.26: Dynam ic oscillatory rheology data for freezer stored form ulations com prising DG EBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (0.7:1) adduct (0.47 g)
The samples exhibit a decrease in the loss modulus in the early stages of the measurement 
due to the decrease in viscosity as a result of the increase in temperature. As the material 
starts to exhibit more viscous properties the storage modulus starts to inerease - this occurs at 
a lower temperature for the 1:1 adduct than for the 0.1:1 adduet with the two others lying in 
between - until it becomes greater than the loss modulus.
The 1:1, 0.7:1 and 0.5:1 adduet samples stored in the freezer show a slight decrease in gel 
point temperature and vitrifieation point temperature after 1 week, although they remain 
broadly the same over the storage period (refer to Table 5.10). The second high temperature 
peak in the loss modulus remains in a similar position for the 0.7:1 adduet sample which, in 
agreement with the DSC data, implies this is a reaction which is retarded at sub-zero
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temperatures. This is not the case observed for the 0.1:1 adduct where it seems that the 
sample does undergo some changes during storage as the gel points are shifted to lower 
temperatures and the loss modulus peaks appear shifted. It is possible that this observation is 
due to the much lower viscosity of the sample when the measurement is started which may 
contribute to the apparent shifted peaks.
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Figure 5.27: Dynam ic oscillatory rheology data for freezer stored form ulations com prising DGEBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (0.5:1) adduct (0.56 g)
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Figure 5.28: Dynam ic oscillatory rheology data for freezer stored form ulations com prising DG EBA (20 g) 
and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (0.1:1) adduct (1.81 g)
Table 5.10: Dynam ic oscillatory rheology data for freezer stored form ulations com prising DG EBA (20 g)
and l-ethyl-3-m ethylim idazolium  acetate adducts
0.1:1 0.5:1 0.7:1 1:1
Gel point CC) 116 112 109 109
Freshly mixed
Vitrification point ( C) 126, 145 118 114 114
Gel point rC ) 109 110 106 105
1 week freezer
Vitrification point (°C) 120, 140 116, 163 114, 169 112,168
Gel point (°C) _ 109 106 105
2 weeks freezer
Vitrification point (°C) - 115, 162 112,167 113,166
Gel point (°C) 112 108 105 105
3 weeks freezer
Vitrification point (°C) 121,145 114,161 112,165 112,164
- not determined
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5.3.3 Analysis of Formulations Comprising Adduct Epoxy and Adduct via Dynamic 
Mechanical Thermal Analysis (DMTA)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate-henzaldehyde 
(1:1) adduct
The preparation of the adduct samples differ only from the aforementioned samples in that, 
instead of preparing the adduct in bulk, a 1:1 molar ratio of benzaldehyde (0.32 g) and 1- 
ethyl-3-methylimidazolium acetate (0.50 g) was mixed directly together and left to react and 
cool for 15 minutes prior to the addition of DGEBA (10 g). The sample was thoroughly 
mixed and then approximately 7 g of this mixture was poured into a second aluminium dish 
to ensure efficient mixing. This procedure was repeated to prepare a series of samples. The 
samples were subsequently placed in an air-circulating oven and subjected to a manual 
temperature ramp (Table 5.11). A sample was removed after each stage in Table 5.11 and, 
where suitable, was analysed using DMT A with the results shown in Figure 5.29.
Table 5.11: Curing program m e in an air-circulating oven for form ulations com prising DG EBA and 1- 
ethyl-3-m ethylim idazolium  acetate-benzaldehyde adducts
Cure Schedule
40 °C (30 mins)
60 °C (30 mins)
80 °C (30 mins)
1 -ethyl-3-methylimidazolium acetate-benzaldehyde/DGEB A 100 °C (30 mins)
120 °C (30 mins)
140 °C (30 mins)
160 °C (60 mins)
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Figure 5.29: DM TA data for form ulations com prising DGEBA (20 g) and l-ethyI-3-m ethyIim idazolium  
acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven according to the schedule
in Table 5.11
The sam ples w hich  have been exposed  to different temperatures in the oven  exhibit 
differences in terms o f  the corresponding storage and loss m oduli. The sam ple w hich  w as in  
the oven for the shortest period o f  tim e at the low est temperature (red curve) displays a more 
prominent shoulder peak in the loss m odulus data w hen com pared w ith  the other tw o  
sam ples. The sam e sam ple is also observed to have a larger storage m odulus at the start o f  the 
m easurement, in com parison w ith  the other tw o sam ples, indicating that it is a stiffer 
material, although the m odulus is seen  to drop at a faster rate (steeper gradient).
The tan delta curves, w hich  g ive a measure o f  the damping ability o f  the sam ple and the glass 
transition temperature range, are show n in Figure 5.30 for the sam ples detailed above. A s  
w ith the peak o f  the loss m odulus in Figure 5.29, the glass transition temperature is reduced  
as the material is heated in the oven. The sam ple w hich  had seen the low est temperature and 
shortest cure tim e in the oven w as subsequently scanned using D SC  to check for any residual 
exotherm  w hich  m ay suggest the sam ple w as not fu lly  cured. N o  exotherm  w as observed  
suggesting that the sam ple had cured after 30 m inutes at each temperature (40, 60 and 80 °C)
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and any further heat treatment was eontributing towards slight changes in the network. This 
explains the shift in both the tan delta peak and the loss modulus peak to lower temperatures 
for samples cured for longer at higher temperatures. The damping ability of the samples is not 
markedly different indieating that the crosslink density of the network does not alter 
significantly which is supported by the similar glass transition temperatures and the fact that 
analysis by DSC did not reveal a residual exothermic peak.
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Figure 5.30: Tan delta data for form ulations com prising DG EBA (20 g) and l-ethyl-3-m ethylim idazolium  
acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven according to the schedule
in Table 5.11
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5.3.4 Analysis of Formulations Comprising Epoxy and Adduct via Attenuated Total 
Reflectance Infrared (ATR-IR) Spectroscopy
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate-benzaldehyde 
(1:1) adduct
All samples which were removed from the oven (Table 5.11) were analysed using ATR-IR 
spectroscopy with the resulting spectra reported in Figure 5.31. It can be seen that, whilst 
broadly all the spectra remain very similar, there appears to be a peak at approximately 1666 
cm'^ which diminishes over time. This could be attributed to residual benzaldehyde (boiling 
point 178- 179 °C) remaining in the network.
It was subsequently decided to probe the early stages of the reaction to observe the spectra 
obtained before the material became solid. Consequently, a sample was prepared in the same 
manner as above and a temperature of 50 °C was selected. Aliquots of the sample were taken 
approximately every 5 minutes both during the heating period to 50 °C and during the 
isothermal period for approximately 1 hour. During this time the material gradually turned 
dark red and the viscosity increased. The sampling of aliquots ceased when the viscosity of 
the sample had increased to a point at which it became difficult to abstract a sample easily 
from the mixture. The spectra obtained are shown in Figure 5.32.
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Figure 5.31: ATR-IR spectra o f form ulations com prising DGEBA and l-ethyI-3-m ethylim idazoIium  
acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven according to the schedule
in Table 5.11
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Figure 5.32: ATR-IR spectra of formulations comprising DGEBA and l-ethyl-3-methylimidazolium
acetate-benzaldehyde (1:1) adduct held isothermally at 50 °C in an air-circulating oven
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It can be seen from Figure 5.32 that the peak at approximately 1700 cm'^ clearly reduces in 
intensity, whilst a peak at approximately 1730 cm"^  emerges. Benzaldehyde is known to 
exhibit a peak at ca. 1697 cm"^  and therefore it is thought that the disappearance of this peak 
can be attributed to residual benzaldehyde in the mixture^. The epoxy peak at 912 cm'^ does 
not appear to alter significantly and it is therefore hypothesised that the colour change 
observed and the increase is viscosity is predominantly as a result of a reaction which does 
not involve opening of the epoxy ring during the early stage of the reaction. This is in 
contrast to Figure 5.31, where the peak at 912 cm'^ is significantly less prominent, implying 
that the reaction has progressed to a ring opening mechanism.
Figure 5.32 shows the spectra of the freshly mixed sample, the last aliquot taken from the 
sample held isothermally at 50 °C and the samples that were cured in the oven according to 
the heat and hold at 30 minutes at various temperatures. As described above, the peak which 
diminishes at 1700 cm'^ in the freshly mixed sample is not visible in sample 14 (last sample 
taken from isothermal hold at 50 °C) and, consequently, did not feature in the spectra of 
samples cured in the oven according to the curing programme in Table 5.11. The peak which 
appears at 1730 cm"^  is not evident in the freshly mixed sample, yet appears steadily during 
the isothermal at 50 °C samples and yet, despite being evident, does not appear to increase for 
the oven cured samples. This is indicative of a carbonyl groupé; the emergence of which was 
discussed in Chapter 3. The epoxy group, at 912 cm '\ is clearly present in the freshly mixed 
sample and the 50 °C sample, yet by 80 °C the peak has largely been lost; an observation 
consistent with the fact that differential scanning calorimetry analysis of the sample cured at 
80 °C in the oven produced no exothermic peak in the data indicating that the reaction was 
complete.
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Figure 5.33: Comparison o f ATR-IR spectra o f form ulations com prising DGEBA and l-ethyl-3-  
m ethylimidazolium  acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven 
according to the schedule in Table 5.11 and held isotherm ally at 50 ®C (sam ple 14)
5.3.5 Kinetic Analysis of Formulations Comprising Epoxy and Adduct via Dynamic 
Differential Scanning Calorimetry (DSC)
Formulations comprising DGEBA and 1 -ethyl-3-methylimidazolium acetate-henzaldehyde 
(1:1) adduct
The samples were also subjected to kinetic analysis using the Ozawa^^ and Kissinger^^ 
methods. A 1:1 molar ratio of benzaldehyde (0,16 g) and 1-ethyl-3-methylimidazolium 
acetate (0.25 g) was mixed directly and left to react and cool for 15 minutes prior to the 
addition of DGEBA (5 g).
DSC analysis was performed on freshly mixed samples (2.5 mg) at heating rates of 5, 10, 15 
and 20 K/min with the data pertaining to these samples presented in Figure 5.34.
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Figure 5.34: Dynamic DSC data for freshly mixed form ulations com prising DG EBA (5 g) and l-ethyl-3- 
m ethylimidazolium acetate-benzaldehyde (1:1) adduct at heating rates o f 5 ,1 0 ,1 5  and 20 K/min
The treatment of the kinetie data, as discussed in the experimental chapter, is presented in 
Figure 5.35. The line of best fit, from which the gradient is taken for the Arrhenius 
equation^^, is shown to have a value of 1 for the Kissinger and Ozawa methods which 
indicates a perfect fit of the data. The relevant results from the calculations are presented in 
Table 5.12.
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Figure 5.35: Ozawa and Kissinger plots for form ulations com prising DGEBA (5 g) and l-ethyl-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct
Table 5.12: Comparison o f the activation energies, pre-exponential factors and rate constants determined  
using the Ozawa and Kissinger m ethods for form ulations com prising DGEBA (5 g) and l-ethyl-3-  
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct and l-ethyl-3-m ethylim idazolium  acetate (0.25 g)
Activation energy Pre-exponential Rate constant
& factor A A: (393 K)
(kJ/mol) (s' ) (s-')
Kissinger Ozawa
1 -ethyl-3 -methylimidazolium 
aeetate-benzaldehyde/DGEBA
68 71 6.9* 10* 0.62
1 -ethyl-3 -methylimidazolium 
acetate/DGEBA
71 74 2.1 * 10’ 0.73
Comparison of the activation energy calculated by the two different methods shows there is 
not a significant difference between the values. Additionally, comparison of the adduct 
sample with the neat ionic liquid sample reveals that the activation energy is slightly higher 
when the neat ionic liquid is used. This implies that the reaction does not follow the same 
mechanism when the 2 position is blocked as it does when there is an acidic hydrogen atom
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present, as the activation energy of carbene formation would be expected to be significantly 
lower than for adduct dissociation. It is also possible that, due to the multiple processes which 
occur in the reaction, as evidenced through DSC analysis, the activation energy which is 
calculated may well be an overall average for the entire reaction and not for the individual 
first process. If this is the case, it is likely that the activation energies would be similar owing 
to the fact that the same, main éthérification reaction is expected to occur.
The pre-exponential factor values reveal that the formulation containing the neat ionic liquid 
experiences significantly more collisions per second than the adduct containing formulation 
does. This implies that the former sample is more reactive which is supported by the higher 
rate constant for the ionic liquid containing formulation.
Additionally, as part of the kinetic analysis, a conversion plot and reaction rate graph were 
produced and are shown in Figures 5.36 and 5.37 respectively. It is clear from Figure 5.36 
that, during the early part of the reaction, the level of conversion at any particular point 
occurs at higher temperatures as the heating rate is increased. Towards the end of the 
reaction, the conversion profiles converge as they reach a value of 1 {i.e. complete 
conversion).
The reaction rate graph shows a slightly earlier onset of reaction for samples scanned at a 
slower heating rate and a higher maximum reaction rate for the faster heating rate. The first 
reaction, observed in Figure 5.34 (DSC thermogram) as a small shoulder, is reflected in the 
reaction rate graph for all samples as a slight change in the gradient. It can also be concluded 
from Figure 5.37 that the first reaction is critical and all the samples follow the same 
mechanism in the early stages as the respective temperatures at which the reaction is greatest 
do not vary markedly. Yet, after this point, the temperature at which the reaction rate 
decreases to almost zero is considerably lower for the slowest heating rate than for the fastest 
heating rate.
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Figure 5.36: Conversion as a function o f tem perature for freshly mixed form ulations com prising DG EBA  
(5 g) and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct at heating rates o f 5, 1 0 ,1 5  and
20 K/min
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Figure 5.37: Reaction rate as a function o f tem perature for freshly mixed form ulations com prising
DCEBA (5 g) and l-ethyl-3-m ethyIim idazolium  acetate-benzaldehyde (1:1) adduct at heating rates o f 5,
10 ,15  and 20 K/min
5.4 Formation of l-Ethyl-3-methylimidazolium Acetate-Benzaldehyde (1:1) 
Adduct In-Situ
The results presented in this chapter have, so far, dealt with analysis of samples where the 
adduct has been formed through reaction of the ionic liquid and benzaldehyde prior to the 
addition of the epoxy. It is interesting to see whether the same retarding effect can be seen if 
the ionic liquid, benzaldehyde and epoxy are all mixed simultaneously instead of in a 
sequential fashion as has been reported previously. If the same effect were to be observed, 
this would allow more efficient mixing of formulations and ultimately, from an industrial 
point of view, save time and money. Consequently, benzaldehyde (0.16 g), l-ethyI-3- 
methylimidazolium acetate (0.25 g) and epoxy (5 g) were mixed simultaneously and then 
analysed. The resulting data were compared with those for the sequentially mixed samples.
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5.4.1 Investigation of Simultaneously Mixed Formulations via Dynamic Differential 
Scanning Calorimetry (DSC) Analysis
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate-benzaldehyde 
(1:1) adduct
The data obtained are presented in Figure 5.38 and Table 5.13. It is evident that the type of 
mixing does not impact the onset of reaction or the enthalpy to an appreciable degree yet does 
impact the glass transition temperature Avith the sequentially mixed sample reporting a glass 
transition temperature 17 °K higher than for the simultaneously mixed sample. However, if 
both methods are compared with a sample of l-ethyI-3-methylimidazolium acetate/DGEBA 
(in the absence of benzaldehyde) it can be seen that the Tmax values do not vary significantly, 
although a higher glass transition is obtained than when the sample components are mixed 
simultaneously. The overall enthalpy of the reaction is lowered in both cases where an adduct 
is employed and the onset temperature shifts to higher temperatures regardless of the mixing 
method. It is possible that the difference in onset temperature between the two samples is due 
to a greater amount of free ionic liquid in the formulation which has not reacted with 
benzaldehyde when the components are mixed simultaneously and will then react with the 
epoxy to initiate the reaction.
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Figure 5.38: Comparison o f dynam ic DSC data for form ulations com prising DG EBA and l-ethyl-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct which have been sequentially mixed and
sim ultaneously mixed
Table 5.13: Comparison o f dynam ic DSC data for form ulations com prising DGEBA and l-ethyl-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct which have been sequentially mixed and
sim ultaneously mixed
Onset
CC)
Endset
Cc)
Tmax
Cc)
T,
onset
Cc)
T,
midpoint
r c )
Tg
endset
r c )
Enthalpy
(J/g)
Sequentially mixed 
Simultaneously
71 195 117 147 160 175 464
mixed 
1-ethyl-3-
76 197 117 133 143 153 456
methylimidazolium
acetate
64 183 114 142 151 164 475
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Formulations comprising PGE and 1-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1)
adduct
Figure 5.39 and Table 5.14 display the results obtained when the same experiment is 
performed using PGE as the epoxy.
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Figure 5.39: Comparison o f dynam ic DSC data for form ulations com prising PGE and l-ethyI-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct which have been sequentially mixed and
sim ultaneously mixed
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Table 5.14: Com parison o f dynam ic DSC data for form ulations com prising PG E and l-ethyl-3-  
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct which have been sequentially mixed and
sim ultaneously mixed
Onset Endset Tmax Enthalpy
Cc) r c ) (”C) (J/g)
Sequentially mixed 70 149 118 391
Simultaneously mixed 71 151 110, 120 446
1-ethyl-3- 
methylimidazolium acetate
75 138 116 446
In Figure 5.39, there is an extra peak in the simultaneously mixed sample when compared 
with the sequentially mixed sample. This implies that an additional reaction occurs as the 
sample is heated. The onset temperatures are markedly similar and the samples follow a very 
similar trend up until the additional peak which suggests that the initial reaction between 
benzaldehyde and 1-ethyl-3-methylimidazolium acetate occurs in a similar manner.
5.4.2 Investigation of Simultaneously Mixed Formulations via Dynamic Mechanical 
Thermal Analysis (DMTA)
Formulations comprising DGEBA and 1-ethyl-3-methylimidazolium acetate-benzaldehyde 
(1:1) adduct
Samples were prepared in the oven in a similar manner to the previous DMTA samples 
discussed in this chapter (Table 5.11), the only difference being that DGEBA (10 g), 1-ethyl- 
3-methylimidazolium acetate (0.5 g) and benzaldehyde (0.31 g) were mixed simultaneously 
in the aluminium dish prior to being transferred {ca. 7 g) to a second dish to ensure thorough 
mixing. An interesting colour change was observed during the early stages of the heating 
programme which is documented in the photos shown in Figure 5.40. The appearance of a 
nucleated type growth colour change was not observed in any other case and does suggest 
that, in the initial stages of the reaction, the order of component mixing is significant.
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Figure 5.40: Photographs m onitoring cure o f form ulations com prising DGEBA and l-ethyl-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct mixed sim ultaneously and cured in an air-
circulating oven
Each sample, which reached a viscosity suitable for DMTA, was tested and the data are 
presented in Figure 5.41. It is clear that the sample changes significantly over its curing 
period in terms of both its loss modulus and storage modulus. The sample that has been held 
for 30 minutes at 40 °C followed by 30 minutes at 60 °C (red curve) shows two distinct loss 
modulus peaks, with an additional shoulder on each peak (approximately 85 °K apart). This 
strongly suggests that there are regions of considerable difference in terms of the network 
structure within the sample after this curing stage. The sample which has been held for 30 
minutes at 40, 60 and 80 °C (blue curve) displays three peaks in its loss modulus data, again 
suggesting the presence of unreacted material which presumably, will undergo a type of 
curing during the DMTA heating programme. The green loss modulus data (up to 100 °C in 
the oven prior to analysis) show only two high temperature peaks suggesting the network has 
developed further whilst in the oven. As with the samples mixed sequentially, the sample 
which has been exposed to the highest temperatures displays a drop in temperature for its loss 
modulus peak and a more pronounced shoulder on the peak at a lower temperature than for 
the previous samples (with the exception of the 60 °C sample). Interestingly, with the 
exception of the 160 °C sample, each sample shows a high temperature peak in its loss 
modulus data at approximately 140 - 143 °C irrespective of its previous thermal history. This 
implies that the portion of the network which gives rise to this transition develops during the 
temperature ramp within the dynamic mechanical analyser. This peak is not seen in the 160 
°C sample as the reaction giving rise to such a transition should have taken place in the oven 
rather than during the analysis.
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Figure 5.41: DM TA data for sim ultaneously mixed form ulations com prising DGEBA (20 g) and l-ethyl-3- 
m ethylim idazolium  acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven
according to the schedule in Table 5.11
The tan delta data are presented in Figure 5.42 for the simultaneously mixed samples. The tan 
delta data for the lowest temperature sample (red data set) show a low temperature peak and a 
high temperature peak which is synonymous with the loss modulus data. Two shoulder peaks 
and the main peak are observed in the 80 °C data set (blue curve) which is concurrent with 
the loss modulus data and confirms the highest temperature peak is the point at which the 
material shows the highest damping ability. The sample which has been heated up to 100 °C 
in the oven shows a shoulder on the main tan delta peak although, as mentioned previously, 
despite the differences in the early part of the reaction, a similar tan delta peak is observed for 
the 60, 80 and 100 °C sample implying that the network develops during the analysis period. 
The tan delta peak value for the 160 °C sample is higher than for the other samples which 
suggests that the sample has a more viscoelastic network.
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Figure 5.42: Tan delta data for sim ultaneously mixed form ulations com prising DGEBA (20 g) and 1- 
ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct previously cured in an air-circulating oven
according to the schedule in Table 5.11
A DSC scan of the samples which had been cured in the oven was performed to eheck 
whether the material was fully cured. The data pertaining to the 60 °C and 80 °C sample are 
presented in Figure 5.43. It is clear that an exothermie reaction still occurs in samples whieh 
have only reached 80 °C in the oven however, unlike in the freshly mixed samples, this peak 
occurs around 140 °C which is higher than for any other comparable sample. It is possible 
that this is the peak which is observed in freshly mixed samples as a small shoulder towards 
the end of the reaction at approximately 150 °C which, through RGA, was attributed to a 
dealkylation process and subsequent reaction via the resulting unsubstituted nitrogen atom. 
The fact that a residual exotherm is observed further supports the conclusion that the peak in 
the loss modulus data at 140 -  143 °C is as a result of rearrangement of the network during 
the analysis. It is also likely that the decrease in the temperature at which the loss modulus 
peak occurs for the 160 °C sample, eoupled with the apparent more viscoelastic behaviour, is 
as a result of the dwell time in the curing schedule at 120 °C and 140 °C. This period could 
potentially allow a chain extension reaction to occur which would contribute to a more 
thermoplastic network and, hence, a lowering of the overall glass transition temperature.
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Figure 5.43: Dynam ic DSC data (heat 1) for sim ultaneously mixed form ulations com prising DG EBA (20
g) and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct previously cured in an air- 
circulating oven according to the schedule in Table 5.11
It is necessary to compare the DMTA data for the simultaneously mixed samples with those 
for the sequentially mixed samples to see if the order of mixing affeets the results. Two 
temperatures were selected for comparison; 80 °C and 160 °C. It can be seen from Figure 
5.44 (30 minutes each at 40 °C, 60 °C and 80 °C) that the loss modulus values are quite 
different between samples which are mixed sequentially and simultaneously and are also 
different from samples which have been initiated with the ionic liquid. The storage modulus 
for the sequentially mixed sample appears to decrease more steadily than for both the 
simultaneously mixed sample and the ionic liquid initiated sample and also has a lower initial 
value than the other two samples.
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Figure 5.44: Comparison o f  DM TA data for sim ultaneously and sequentially mixed form ulations 
com prising DGEBA (20 g) and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct 
previously cured in an air-circulating oven according to the schedule in Table 5.11 up to 80 “C
The loss modulus for the sequentially mixed sample increases more slowly over a larger 
temperature span than for the other samples and does not reaeh its peak maximum until 
approximately 145 °C; almost 50 °K higher than for the ionic liquid initiated sample. Despite 
the differences observed between the samples at lower temperatures, the simultaneously and 
sequentially mixed samples appear to display a high temperature peak in the loss modulus at 
a similar temperature indicating that the network is continuing to develop during the analysis. 
The sample which was initiated with l-ethyl-3-methylimidazolium acetate has a higher 
storage modulus than the sequentially mixed sample at the start of the measurement. This 
rapidly decreases in what can be said to be akin to a one-step reaction to yield a significantly 
reduced storage modulus at a lower temperature, implying that the network is not sufficiently 
developed to undergo beta transitions which were alluded to in Chapter 3 and does not 
appear, unlike the benzaldehyde containing samples, to develop during the temperature ramp 
in the dynamic mechanical analyser.
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The ionic liquid sample shows the highest damping ability of any of the samples, as shown in 
Figure 5.45, indicating it has a more viscoelastic network. The maximum tan delta value 
occurs at a lower temperature than for the other samples which shows it has a lower glass 
transition temperature which in turn will contribute to its higher damping ability due to the 
less crosslinked network. This is reflected in its rapid loss of storage modulus and the lack of 
any additional thermal transitions before the glass transition (such as a ôeto-transition).
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Figure 5.45: Comparison o f tan delta data for sim ultaneously and sequentially mixed form ulations 
com prising DGEBA (20 g) and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct 
previously cured in an air-circulating oven according to the schedule in Table 5.11 up to 80 °C
The data relating to the samples which have been held for 30 minutes at 40, 60, 80, 100, 120 
and 140 and for 60 minutes at 160 °C are presented in Figure 5.46. These data show less 
variation in the storage modulus between the l-ethyl-3-methylimidazolium acetate initiated 
and the adduct containing samples compared with the 80 °C samples. The sequentially mixed 
sample exhibits a lower storage modulus value at the beginning of the measurement yet 
exhibits a higher storage modulus value towards higher temperatures when compared with 
the other two samples. The loss modulus peak maximum is lower although occurs at a higher
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temperature than the other two samples. The similarity between the curves shows that the 
developing network is the same at this temperature. This is supported by the DSC data in 
Figure 5.38 and the DMTA data in Figure 5.44 whieh suggest that the impact of the different 
mixing methods is primarily observed in the early stages of the reaction.
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Figure 5.46: Comparison o f DM TA data for sim ultaneously and sequentially mixed form ulations 
com prising DG EBA (20 g) and l-ethyl-3-m ethylim idazolium  acetate-benzaldehyde (1:1) adduct 
previously cured in an air-circulating oven according to the schedule in Table 5.11 up to 160 “C
Figure 5.47 shows the tan delta results for the samples at 160 °C. The sample which 
underwent sequential mixing has the highest temperature peak whilst the simultaneously 
mixed sample exhibits the highest damping ability. There is a slight low temperature shoulder 
still present for all samples although these are much less prominent than those in the 80 °C 
samples. This is likely to be due to incomplete network formation at lower temperatures; the 
effects of whieh are not observed by 160 °C This is supported by the fact that no residual 
exotherm is observed in a DSC scan of the sample therefore indicating that full conversion 
has occurred. The Tg, taken from the peak of the loss modulus curve, is shown to be highest 
for the sequentially mixed sample which supports the data presented in Figure 5.38.
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Figure 5.47: Comparison of tan delta data for simultaneously and sequentially mixed formulations 
comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1) adduct 
previously cured in an air-circulating oven according to the schedule in Table 5.11 up to 160 “C
5.4.3 Investigation of Simultaneously Mixed Formulations via a Time to Gelation 
Instrument
Formulations comprising DGEBA and l-ethyl-3-methylimidazolium acetate-benzaldehyde 
(1:1) adduct
In order to observe the effectiveness of the benzaldehyde on retarding the reaction, the gel 
times of the various systems were measured at 50 °C. The sample was initially heated to 40 
°C and held for 10 minutes before being ramped to 50 °C and the measurement started. This 
was to avoid the sample heating too quickly. The data are presented in Table 5.15 and Figure 
5.48.
It is evident from Table 5.15 and Figure 5.48 that there is no significant difference between 
the gel times of the sequentially mixed sample and the simultaneously mixed sample, 
however the sample without any adduct present, i.e. the l-ethyl-3-methylimidazolium acetate 
containing sample, takes a much shorter time to reach gelation. This provides evidence that
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the inclusion of the benzaldehyde does increase the time needed for the system to gel and, 
hence, is a method of improving latency. It is interesting to note that the Tmax temperatures 
are recorded after the gel point and, in future, it would be advisable to set the instrument to do 
a post-record step for a longer period of time to observe if the temperature continues to rise 
after the gel point. It is worth noting that there is not a marked increase in temperature at any 
point during the reaction and the increase observed at the beginning is likely to be due to the 
instument still warming up to its set value of 50 °C which is also apparent in the starting 
temperatures detailed in Table 5.15. It is possible that the l-ethyl-3-methylimidazolium 
acetate initiated sample does show a slight increase in temperature, in the order of 1 - 2 °K, 
however this would need to be repeated to verify this. It appears that, in all cases, a slight 
exotherm is observed as the gel point is approached but this does not yield a significant rise 
in the temperature recorded by the thermocouple within the sample.
Table 5.15: Comparison of time to gelation measurements for simultaneously and sequentially mixed 
formulations comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium acetate-benzaldehyde (1:1)
adduct
Start temperature Gel point Tmax Tmax
CC) (mins) CC) (mins)
Sequential mixing 48 146 52.7 146
Simultaneous mixing 49 139 54.1 140
1 -ethyl-3-methylimidazolium 
acetate
48 94 53.6 95
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Figure 5.48: Comparison of thermal profiles resulting from gel time measurements for simultaneously 
and sequentially mixed formulations comprising DGEBA (20 g) and l-ethyl-3-methylimidazolium
acetate-benzaldehyde (1:1) adduct
5.5 Concluding Remarks on the Effects of Modification of Structure
It has been demonstrated that an adduct between l-ethyl-3-methylimidazolium acetate and 
benzaldehyde can be synthesised via an exothermic reaction as reported by Rodriguez et alf". 
NMR spectroscopy has confirmed the existence of the adduct and a structure for the adduct 
has been postulated and confirmed. It has been seen that in the 1:1 adduct, a certain amount 
of l-ethyl-3-methylimidazolium acetate remains whereas in the 0.1:1 adduct there is a large 
excess of benzaldehyde. The 1:1 adduct was chosen to incorporate with the epoxy to test the 
latency as the reaction between the ionic liquid and the benzaldehyde yielded a very viscous 
product whieh would not, essentially, dilute the epoxy, as it would in the ease of the 0.1:1 
adduct. Further testing utilising the various molar ratio adducts would be beneficial as it is 
likely that the 0.7:1 adduct may well show a higher latent ability due to the lower amount of 
unreacted l-ethyl-3-methylimidazolium acetate still present in the mixture.
It has been concluded, through the unsuccessful reaction of l-ethyl-3-methylimidazolium 
thiocyanate and benzaldehyde, that it is the basic nature of the acetate anion that facilitates
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adduct formation with benzaldehyde via formation of a carbene prior to reaction with the 
benzaldehyde to generate the adduct.
An adduct comprising l-ethyl-3-methylimidazolium acetate and sulphur was synthesised and 
has shown promising results for delaying the onset temperature of the reaction and is hoped, 
with future testing, to improve the latency of one-pot formulations.
It can be concluded that the order of mixing of the components does not have a dramatic 
effect on the properties of the material in terms of the gel time, however sequential mixing 
does appear to promote a higher glass transition temperature but a lower storage modulus. It 
also appears that if the samples, regardless of the mixing methods, are cured up to a 
temperature of 160 °C this has an impact on the physical properties of the material and results 
in a lowering of the glass transition temperature.
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Chapter 6 
Postulated Reaction Mechanism Pathways
6.1 Proposed Reaction Pathways
The three proposed reaction pathways, which were introduced in Chapter 1, are presented in 
Figure 6.1 for reference.
AH
Figure 6.1: Proposed reaction pathways: a) carbene route, b) imidazole route and c) counter ion
route
6.1.1 Reaction via the Carbene Pathway
The carbene species is known to be highly reactive and, as such, would initiate the epoxy ring 
if generated in sufficient concentration. Data discussed in Chapter 4 revealed that the low 
temperature shoulder peak in the thermograms of formulations comprising DGEBA and 1-
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ethyl-3 -methylimidazolium acetate diminished over time even when stored at sub-zero 
temperatures. This led to the conclusion that generation of a reactive species must still occur 
in spite of the proposed retarding of the reaction in the freezer. The same effect was not 
observed in formulations containing l-ethyl-3-methylimidazolium dicyanamide which 
pointed towards the hypothesis that the acetate anion was more reactive. MacFarlane et al} 
reported the respective pÆa values (in water) for acetic acid and dicyanoamine as 4.75 and 
5.1. This led Carvalho et al? to investigate the use of 1-butyl-3-methylimidazolium 
dicyanamide for the solvation of CO2 as it was suggested that absorption of CO2 could be 
enhanced when an anion with a higher basicity was employed. Previous work by the same 
authors^ had already established that the acetate anion was effective for CO2 absorption. The 
findings of Carvalho et al? however, unveiled surprising results in that the higher pÆa value 
of the dicyanamide anion did not result in an increase in CO2 absorption. This was attributed 
to the fact that the previously observed enhancement was actually as a result of a Lewis 
acid/base interaction between the anion and the CO2 ; a finding also noted by other research 
groups" ’^^ . Consequently, this led the authors to conclude that, whilst the pXa value for the 
conjugate acid of dicyanamide is indeed greater than that for acetate, meaning that the 
dicyanamide exhibits a more basic character, it is a markedly weaker Lewis base meaning 
that the required Lewis acid/base interaction between the CO2 and dicyanamide is weaker 
than between CO2 and a stronger Lewis base^.
By extension, this can be applied to the ionic liquid/epoxy formulations. Owing to the higher 
Lewis base character of the acetate anion compared with the dicyanamide anion, it can be 
assumed that carbene formation is significantly more likely to occur in the acetate containing 
formulation; a consequence of which is believed to be the shoulder peak on the main 
exothermic peak. In addition, Kim et al? investigated the solubility of CO2 in ionic liquids 
with an increasing number of cyanide groups {i.e. l-ethyl-3-methylimidazolium thiocyanate, 
l-ethyl-3-methylimidazolium dicyanamide and l-ethyl-3-methylimidazolium 
tricyanomethanide). Owing to the proposed Lewis acid/base interaction between the CO2 and 
the anion, it was reported that the solubility was greatest in l-ethyl-3-methylimidazolium 
tricyanomethanide as it contained the greatest concentration of a Lewis base species and 
lowest in l-ethyl-3-methylimidazolium thiocyanate.
In light of the above findings, it would seem reasonable to present the anions, in terms of 
increasing Lewis base character, in the following order: thiocyanate < dicyanamide < acetate.
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Whilst the reported pKa values above are for acetic acid and dicyanoamine in water, it must 
also be considered whether the ionic liquid exhibits a solvent effect and essentially alters the 
acid/base properties of certain species. It is unlikely that the acetate anion would be a 
sufficiently strong Bronsted base to deprotonate the imidazolium ring in classical terms, 
however as the evidence presented throughout this thesis points towards carbene formation, 
the solvent effects of the ionic liquid must be considered. MacFarlane et al? employed acid 
solutes with spectroscopic signatures to compare the magnitude of dissociation in various 
ionic liquids compared with pure water. The visible spectra of bromocresol purple in water 
and l-ethyl-3-methylimidazolium acetate and l-ethyl-3-methylimidazolium dicyanamide 
were recorded with significant differences observed. In the case of water, the acid is reported 
as being approximately 0.2% dissociated whereas in l-ethyl-3-methylimidazolium acetate, 
there is only one peak in the visible spectrum which corresponds to the base form, therefore 
indicating that the acid is fully dissociated. In the case of l-ethyl-3-methylimidazolium 
dicyanamide, two peaks were observed in the visible spectrum indicating that the acid is not 
fully dissociated but more so than in pure water. This leads to the conclusion that the strength 
of the acid is increased when the solvent is an ionic liquid with a basic anion as opposed to 
pure water. Millan et al. also sought to establish a pKa scale for N-base amines in ionic 
liquids through use of a cyclic voltammetry method and reported that in all cases the pKa 
values obtained were greater than those obtained in aqueous solution. This supports the 
theory that carbene formation is indeed possible with l-ethyl-3-methylimidazolium acetate.
Navarro et al.^ reported, using dynamic thermogravimetric analysis at a heating rate of 10 
K/min, the onset of thermal decomposition of l-ethyl-3-methylimidazolium thiocyanate, 1- 
ethyl-3-methylimidazolium dicyanamide and l-ethyl-3-methylimidazolium 
tricyanomethanide to occur at 539 K, 570 K and 616 K respectively. The onset of 
decomposition for l-ethyl-3-methylimidazolium acetate was reported to occur at 214 °C (487 
K)^. A paper by King et al? likened TGA data to a crude measure of the reactivity of the 
ionic liquids and a paper by Maka et al? reported a direct correlation between the onset of 
degradation of the ionic liquid, as measured by TGA, and the reaction of the ionic liquid 
towards an epoxy monomer. This would suggest that, according to the TGA data presented in 
Chapter 3 and the literature^’^ , the acetate containing ionic liquid should show the highest 
reactivity towards the epoxy. Furthermore, the dicyanamide containing ionic liquid should 
show the lowest reactivity which, according to the current DSC data in Chapter 3, is
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consistent. However, this is inconsistent with both the proposed order of Lewis base character 
and the literature reported pKa values in water\
The exposure of dried samples of l-ethyl-3-methylimidazolium aeetate to the atmosphere 
resulted in an increase in mass due to water absorption, accompanied by a loss of initiating 
ability as measured by DSC analysis. It was proposed by Cammarata et al}^ that the water 
molecules preferentially interact with the anion and therefore displace the anion from its 
location close to the cation. As such, a single water molecule forms a bridged complex-like 
structure with two acetate anions as shown in Figure 6.2. This means that the acetate anion is 
unable to abstract the acidic proton, resulting in carbene formation being prevented. This is 
reflected in the DSC thermogram where no exothermic reaction is observed to occur. As a 
result of this observation, it is proposed that carbene formation is the critical first step for 
initiation of the epoxy curing mechanism when l-ethyl-3-methylimidazolium acetate is 
employed as the initiator.
Figure 6.2: Complex formed between water and acetate anion 10
Owing to the proposed carbene formation, and taking note of the work by Rodriguez et al}^, 
a sample of l-ethyl-3-methylimidazolium acetate was reacted with a stoichiometric amount 
of benzaldehyde in the first instance and a stoichiometric amount of elemental sulphur in the 
second instance to investigate whether a carbene, which is expected to form in-situ, could be 
trapped. NMR spectroscopy results revealed that adducts comprising the generated carbene 
with benzaldehyde and sulphur were formed. In contrast, when l-ethyl-3-methylimidazolium 
thiocyanate was reacted with a stoichiometric amount of benzaldehyde, no adduct formation 
was observed. This suggests that in-situ carbene formation is prevalent in 1-ethyl-3- 
methylimidazolium acetate but not in l-ethyl-3-methylimidazolium thiocyanate at room 
temperature. Owing to this, it is thought that the nature of the anion defines whether the 
reaction mechanism proceeds via a carbene pathway. This can be rationalised by 
consideration of the relevant pKa values for the conjugate acids of the bases as well as the
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Lewis base character of the anions. The reported pÆa(aq) value of thiocyanic acid is -1.85^ 
which is markedly lower than that for the conjugate acids of acetate and dicyanamide. This 
would imply that the thiocyanate anion would not readily abstract a proton to form a carbene.
In summary, it is suggested that the pÆa values of the conjugate acids of the anions in water 
alone are not sufficient to predict whether the reaction will proceed via a carbene route and it 
is more pertinent to consider both the Lewis base characteristics of the anions as well as the 
solvent effect of the ionic liquid. It is concluded, in this work, that the acetate anion is the 
sole anion which allows carbene formation in situ at room temperature or below.
The proposed mechanism via a carbene pathway when l-ethyl-3-methylimidazolium acetate 
is used as the initiator is shown in Figure 6.3.
HO'
Figure 6.3: Reaction mechanism proceeding via a carbene pathway when l-ethyl-3-methylimidazolium
acetate is employed as the initiator
Whilst the theory of carbene formation has been promoted throughout this work (based on the 
experimental evidence), it is also important to note that a possible mechanism involving 
electrophilic aromatic substitution is also plausible as shown in Figure 6.4. In this mechanism 
the epoxy ring becomes protonated and is subsequently attacked by the imidazolium ring 
resulting in the oxirane ring opening and reactive OH groups capable of further reaction. 
Whilst this mechanism could occur, it is believed that if a carbene were generated, the 
reaction would proceed via the more reactive species {i.e. the carbene) and, as such, it is not 
helieved that the mechanism presented in Figure 6.4 is favoured.
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Figure 6.4: Proposed electrophilic aromatic substitution mechanism
6.1.2 Reaction via the Imidazole Pathway
Dealkylation of the imidazolium ring has been suggested by various authors who report that 
reaction of the anion with the cation yields a 1-substituted imidazole and an alkylated product 
via an Sn2 nucleophilic substitution reaction^’^ .^ Experiments employing TGA-RGA 
instrumentation revealed that a species {m/z 74) was observed in the resulting spectrum when 
a sample of 1-ethyl-3-methylimidazolium acetate was analysed. This peak corresponded to 
methyl acetate (one of the products resulting from dealkylation of the imidazolium ring) and 
was seen to occur during the isothermal period at 150 °C. In addition this was seen to 
coincide with the weight loss in the TGA data. Similarly, Clough et alJ reported the presence 
of a peak corresponding to methyl acetate, although this was reported to coincide with the 
main weight loss step at 214 °C. Whilst the reaction conditions were slightly different 
(Clough et alJ performed a temperature-ramped experiment), the fact that an increase in 
concentration of the miz 74 species was not detected at a lower isothermal temperature 
implies that a higher temperature is needed for dealkylation to occur. It is also worth noting 
however, that the increase in concentration of the m/z 74 species observed via the RGA 
technique may be due to the fact that the analysis was performed on a small sample {ca. 10 
mg) and, therefore, the concentration may have taken time to build up to an appreciable level
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to be detected. In the study by Clough et alJ, a considerably larger amount of sample was 
used (20 -  60 mg) which may allow the species to be detected earlier.
Additionally NMR spectroscopy was carried out on a sample of 1-ethyl-3-methylimidazolium 
acetate which had previously been heated to 150 °C. Analysis of the spectra revealed three 
new proton shifts and five new carbon shifts which corresponded well with those of 1- 
ethylimidazole and 1 -methylimidazole. A similar in-situ analysis by Clough et alJ reported 
peaks in the region 7.4 - 6.1 ppm which were attributed to 1-methylimidazole and 1- 
ethylimidazole as well as a peak at 0.69 ppm which was attributed to the CH2 unit in the 
ethyl chain of 1-ethylimidazole when the sample was heated to 120 °C for 12 hours and 
subsequently cooled to room temperature. The authors concluded that a nucleophilic 
substitution reaction was occurring at both alkyl substituents on the I-ethyl-3- 
methylimidazolium cation^.
Additional NMR spectroscopy (not reported) was performed on samples of 1-ethyl-3- 
methylimidazolium diethyl phosphate, 1-ethyl-3-methylimidazolium dicyanamide and 1- 
ethyl-3-methylimidazolium thiocyanate, previously heated to 150 °C, however these analyses 
did not reveal the significant presence of any new peaks in the NMR spectra. Accordingly, it 
is proposed that, when 1-ethyl-3-methylimidazolium acetate is employed, dealkylation occurs 
at temperatures of approximately 150 °C which gives rise to the small, high temperature peak 
in the DSC thermograms. It is not thought that dealkylation occurs in the other ionic liquids 
at this temperature. It has, however, been reported by Maka et al? that ionic liquids 
containing the dicyanamide anion are capable of undergoing thermal decomposition via a 
stabilised A-heterocyclic carbon structure. Further NMR spectroscopy data would be required 
to assess this claim.
The proposed mechanism involving dealkylation of 1-ethyl-3-methylimidazolium acetate and 
subsequent initiation of the epoxy ring is shown in Figure 6.5.
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Figure 6.5: Proposed dealkylation of l-ethyl-3-methylimidazolium acetate
6.1.3 Reaction via the Counter Ion Pathway
Initiation of the epoxy ring via the counter ion (Figure 6.6) may occur if the anion has a 
sufficiently high nucleophilicity and is not hindered either sterically or through competing 
reactions. A consideration of the nucleophilicity of the thiocyanate anion and its shape would 
suggest it is a very strong nucleophile. Additionally, due to its ambidentate nature, the anion 
can act as a nucleophile through both the nitrogen atom or through the sulphur atom. 
Consideration of the NMR spectral data for 1-ethyl-3-methylimidazolium thiocyanate/epoxy 
formulations suggests that the acidic hydrogen remains visible in the spectra for a longer time 
than in the case of the acetate anion, implying that carbene formation does not readily occur. 
The new peak which emerges is thought to be as a result of an intermediate species formed as 
a result of reaction of the thiocyanate anion with the epoxy ring.
Figure 6.6: Proposed reaction via the counter ion pathway
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6.2 Formation of a Carbonyl (C=0) Functional Group
In work by Maka et al.^ a comprehensive reaction mechanism is presented involving an 
initial abstraction of the acidic hydrogen atom and dealkylation reaction upon the addition of 
heat to yield a dealkylated, A-heterocyclic carbene as a transition product. An equilibrium 
state is established between the proton residing at the nitrogen atom and the acidic 2 position 
on the imidazolium ring which results in a positive charge on the ring. A final loss of the 
proton yields a 1-alkylated imidazole. It is proposed that this species then reacts with an 
epoxy ring to form a 1:1 adduct which can proceed further via anionic polymerisation with 
subsequent epoxy groups. Regeneration of the 1-alkylated species is suggested to occur via 
two possible routes. The first involves the formation of a cyclic epoxy structure via a N- 
dealkylation route whilst the second involves a Hofinann elimination reaction followed by N- 
dealkylation to yield an unsaturated epoxy polymer structure which subsequently 
tautomerises, resulting in a polymer structure containing a carbonyl functional group. It is 
known that, in all cases, an absorbance band emerges in the ATR-IR spectra of ionic 
liquid/DGEBA formulations in the region of the spectrum which is characteristic of a 
carbonyl group. This has been observed by other research groups although there is some 
consternation within the literature as to how this absorbance arises. Inspection of the current 
ATR-IR spectra suggest that the degree to which the peak emerges differs amongst ionic 
liquids. This would be in keeping with the suggestion that the carbonyl group forms through 
different pathways. The proposed Hofmann elimination reactions are shown in Figure 6.7.
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Figure 6.7: Proposed Hofmann elimination reaction starting from a) the carbene pathway and b) the
imidazole pathway
6.3 Concluding Remarks on Postulated Reaction Pathways
Evidence exists for a number of different reaction pathways. The initiation reaction is 
proposed to occur via a carbene route, an imidazole route or a nucleophilic route although it 
is suggested that these reaction pathways are not discrete. This is evidenced through the DSC 
thermograms in Chapter 3 where low temperature shoulder peaks can be seen, the kinetic 
data where the total enthalpy varies with different heating rates suggesting different reaction 
mechanisms are favoured at different heating rates and the NMR spectroscopy data where 
evidence of proton abstraction is observed as well as dealkylation in formulations comprising 
1-ethyl-3-methylimidazolium acetate and DGEBA and 1-ethyl-3-methylimidazolium 
thiocyanate and DGEBA.
It is proposed that the anions can be ranked according to the Lewis base character exhibited 
from thiocyanate < dicyanamide < acetate and from thiocyanate < acetate < dicyanamide 
according to the pXa value of the conjugate acid formed through abstraction of the acidic 
proton from the 2 position on the imidazolium ring. DSC data reveals the anions can be 
ranked in the order acetate < thiocyanate < dicyanamide < diethyl phosphate according to the 
onset temperature of the exothermic reaction which is also supported by the rheological data 
in Chapter 3.
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Consequently, it is proposed that the Lewis base character is the determining factor in 
whether the reaction will proceed via a A-heterocyclic carbene. It must also be noted that the 
pÆa values of certain acids have been shown to be greater in an ionic liquid than in water and 
therefore the reported pÆa values should be treated with some caution. It is suggested that 
formulations comprising 1-ethyl-3-methylimidazolium acetate will initially proceed via this 
reaction pathway at temperatures below zero. It has been reported in the literature that 
formulations comprising 1-ethyl-3-methylimidazolium dicyanamide can also react in this 
manner, albeit at an elevated temperature^. It is not thought that the thiocyanate anion reacts 
in this way at room temperature due to both its pÆ^a value and the fact that no adduct 
formation is observed with benzaldehyde.
Dealkylation has been observed for 1-ethyl-3-methylimidazolium acetate containing samples 
at temperatures > 150 °C through residual gas analysis and NMR spectroscopy. It is not 
thought, with regard to NMR spectra (not reported), that the ionic liquids containing diethyl 
phosphate, dicyanamide or thiocyanate undergo dealkylation at this temperature.
Finally, owing to inspection of the ATR-IR spectroscopy data (Chapter 3) which reveal that 
an absorbance band in the region characteristic of a carbonyl group occurs with the four ionic 
liquids discussed in this thesis, it is suggested that irrespective of the initiation mechanism, a 
Hofmann type elimination occurs to yield a carbonyl functional group through 
tautomérisation of an alkene group. The fact that the intensity of the band appears to differ 
with formulations containing different ionic liquids further suggests that the initiation 
mechanism differs between different formulations.
The NMR spectra of formulations comprising 1-ethyl-3-methylimidazolium acetate and 
DGEBA at an isothermal temperature of 50 °C (Figure 3.39) reveal that, at an elevated 
temperature, the acidic proton (d) diminishes rapidly. It is postulated that the imidazolium 
ring becomes deprotonated resulting in carbene formation. There is no evidence of 
dealkylation at this temperature. It was reported by Rodriguez et al}^ that formation of a 
thione adduct between 1-ethyl-3-methylimidazolium acetate and sulphur was prevented when 
the reaction was carried out in the presence of an excess amount of acetic acid. This implies 
that an acid-base equilibrium was established which prevented carbene formation and hence 
thione adduct formation. In the current example of formulations comprising 1-ethyl-3- 
methylimidazolium acetate and DGEBA it is proposed that regeneration of the acetate anion 
facilitates carbene formation. The ring opening mechanism is believed to initiate when there
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is a sufficient concentration of carbene species and acetic acid. It is thought that the same 
mechanism occurs at room temperature albeit more slowly.
The NMR spectra for formulations comprising PGE and 1-ethyl-3-methylimidazolium 
thiocyanate suggest that the ionic liquid is stable with regard to itself at room temperature 
{i.e. deprotonation does not occur) and, instead, the reaction proceeds via reaction of the 
counter ion with the epoxy ring. If, however, the formulations which were held at 50 °C are 
considered, it is proposed that at this temperature the deprotonation route also becomes 
active, meaning that there are two competing reaction pathways.
264
6.4 References
1. MacFarlane, D. R.; Pringle, J. M.; Johansson, K. M.; Forsyth, S. A.; Forsyth, M., 
Chemical Communications (18), 1905-1917.
2. Carvalho, P. J.; Alvarez, V. H.; Marrucho, I. M.; Aznar, M.; Coutinho, J. A. P., The 
Journal o f Supercritical Fluids 2009, 50 (2), 105-111.
3. Carvalho, P. J.; Alvarez, V. H.; Schroder, B.; Gil, A. M.; Marrucho, I. M.; Aznar, M.; 
Santos, L. M. N. B. F.; Coutinho, J. A. P., The Journal o f Physical Chemistry B 2009, 
773 (19), 6803-6812.
4. Kim, J. E.; Kim, H. J.; Lim, J. S., Fluid Phase Equilibria 2014,367, 151-158.
5. Kroon, M. C.; Karakatsani, E. K.; Economou, I. G.; Witkamp, G.-J.; Peters, C. J., The 
Journal o f Physical Chemistry B 2006,110 (18), 9262-9269.
6. Navarro, P.; Larriba, M.; Rojo, E.; Garcia, J.; Rodriguez, F., Journal o f Chemical & 
Engineering Data 2013, 58 (8), 2187-2193.
7. Clough, M. T.; Geyer, K.; Hunt, P. A.; Mertes, J.; Welton, T., Physical Chemistry 
Chemical Physics 2013,15 (47), 20480-20495.
8. King, A. W. T.; Parviainen, A.; Karhunen, P.; Matikainen, J.; Hauru, L. K. J.; Sixta, 
H.; Kilpelainen, I., RSC Advances 2012,2 (21), 8020-8026.
9. Maka, H.; Spychaj, T.; Pilawka, R., Industrial & Engineering Chemistry Research 
2012,51 (14), 5197-5206.
10. Cammarata, L.; Kazarian, S. G.; Salter, P. A.; Welton, T., Physical Chemistry 
Chemical Physics 2001, 3 (23), 5192-5200.
11. Rodriguez, H.; Gurau, G.; Holbrey, J. D.; Rogers, R. D., Chemical Communications 
2011, 47(11), 3222-3224.
12. Ricciardi, F.; Romanchick, W. A.; Joullié, M. M., Journal o f  Polymer Science: 
Polymer Chemistry Edition 1983,21 (5), 1475-1490.
265
Chapter 7 
Conclusions and Further Work
The purpose of this thesis was to address the ambiguity surrounding the reaction mechanism 
or mechanisms involved in the reaction of an imidazolium based ionic liquid with an epoxy 
and the impact this had on the latency of the formulation. The experimental work comprised 
physical characterisation of both the starting materials in isolation and mixed as formulations 
and included analyses by thermal methods and spectral methods to investigate how the 
materials interacted chemically when subjected to a curing programme. The second phase 
involved monitoring how the formulations changed and developed as a function of storage 
time which gave an indication of the inherent reactivity of the mixtures even at sub-zero 
temperatures. Finally, the effect of substituting the acidic hydrogen atom at the 2 position on 
the imidazolium ring was investigated in order to observe the influence on the reaction 
pathway and the impact on the latency of the formulation. The culmination of the data from 
each phase allowed three proposed reaction routes to be considered and addressed and 
resulted in the postulation of a reaction mechanism involving the different pathways.
The first stage of the experimental work concluded that formulations comprising 1-ethyl-3- 
methylimidazolium acetate and DGEBA exhibited the lowest onset of reaction temperature 
(64 °C as determined by DSC analysis) and, as such, this ionic liquid was considered to be 
the most reactive. Formulations containing 1-ethyl-3-methylimidazolium dicyanamide and 
DGEBA and 1-ethyl-3-methyimidazolium diethyl phosphate and DGEBA exhibited 
significantly higher onset of reaction temperatures of 122 °C and 109 °C respectively when 
analysed by DSC. Samples containing DGEBA and 1-ethyl-3-methylimidazolium acetate 
were observed to turn a dark red colour and vitrify after being exposed to the atmosphere for 
1 day at room temperature, whereas samples comprising DGEBA and either 1-ethyl-3- 
methylimidazolium dicyanamide or 1-ethyl-3-methylimidazolium diethyl phosphate were 
seen to remain a similar colour even after 6 days of exposure; data which are consistent with 
the DSC results. The rheological measurements supported the observation that 1-ethyl-3- 
methylimiazolium acetate was the most reactive of the four ionic liquids investigated, 
revealing the gel point of the formulation with DGEBA to be 103 °C compared with 165 °C 
for a 1-ethyl-3-methylimidazolium dicyanamide/DGEBA formulation.
266
The 1-ethyl-3-methylimidazolium thiocyanate/DGEBA formulation exhibited an onset 
temperature of 72 °C and a gel point temperature of 112 °C which are both slightly higher 
than for the acetate formulation. Although the numerical values obtained from thermal 
analysis techniques for these two formulations were similar, and both were observed to 
undergo a significant colour change and vitrification after exposure at room temperature for 
24 hours, it is proposed that when these two ionic liquids are mixed with an epoxy, a different 
initiation pathway ensues. This is evidenced through data presented in Chapter 5 which 
includes the reaction of both ionic liquids with benzaldehyde. Whilst 1-ethyl-3- 
methylimidazolium acetate was shown, through NMR spectroscopy, to form an adduct with 
benzaldehyde at the 2 position on the imidazolium ring, the same was not observed for 1- 
ethyl-3-methylimidazolium thiocyanate. This would imply that the thiocyanate anion does 
not possess sufficient Lewis base character to abstract the acidic proton to facilitate adduct 
formation with benzaldehyde at room temperature.
In contrast, consideration of the nucleophilicity of the anions reveals that the ambidentate 
nature of the thiocyanate anion renders it a very strong nucleophile capable of reaction 
directly with the epoxy ring. It is proposed, through interpretation of NMR spectra, that 
formulations containing 1-ethyl-3-methylimidazolium thiocyanate/PGE may well react via 
the counter ion route in the first instance whereas those containing I-ethyl-3- 
methylimidazolium acetate are thought to proceed via a carbene route. The carbene route is 
not ruled out for the thiocyanate anion as this is thought to occur at slightly elevated 
temperatures. Additionally, a dealkylation mechanism is suspected for the acetate containing 
formulations at a temperature of 150 °C where dealkyaltion products were observed via 
residual gas analysis and NMR spectroscopy.
The DMT A data also suggest that different reaction pathways occur for samples comprising 
1-ethyl-3-methylimidazolium acetate and DGEBA as it can be seen that samples analysed at 
different temperatures clearly exhibit different network structures as evidenced by the 
differences in the loss modulus and tan delta data. These data also suggest that the curing 
programme influences the network growth. In contrast, samples containing 1-ethyl-3- 
methylimidazolium thiocyanate and DGEBA were seen to exhibit very similar tan delta 
curves from an early stage of the reaction implying that the network is established rapidly and 
does not alter significantly during the curing programme.
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In conclusion, it is proposed that l-ethyI-3-methylimidazolium actetate initiates epoxy ring 
opening via formation of a carbene species and generation of acetic acid during the early 
stages of the reaction. It is additionally suggested that this reaction may also advance even at 
sub-zero temperatures. During the reaction, a Hofmann elimination occurs to yield a carbonyl 
functional group in the developing network as evidenced through ATR-IR spectroscopy. The 
éthérification reaction is thought to proceed after the initial initiation from the carbene 
followed by, at a temperature of 150 °C, a dealkylation mechanism to yield an initiating 
imidazole species which accounts for the high temperature peak in the DSC thermogram for 
1-ethyl-3-methyimidazolium acetate/epoxy formulations.
The reaction mechanism in formulations comprising 1-ethyl-3-methylimidazolium 
thiocyanate and epoxy is thought to proceed via nucleophilic attack of the thiocyanate anion 
on the epoxy ring to yield an intermediate species capable of further reaction. Subsequent 
éthérification reactions are suspected, as well as deprotonation at the 2 position on the 
imidazolium ring at elevated temperatures. The ATR-IR spectra for a formulation of 1-ethyl- 
3-methylimidazolium thiocyanate/DGEBA held isothermally at 50 °C, suggest that a 
Hofmann elimination reaction occurs within the network to yield a carbonyl functional group.
It has been reported in the literature that I-ethyI-3-methylimidazolium dicyanamide can 
undergo thermal decomposition via a dealkylation route and it is suggested that, due to the 
higher onset of reaction temperature (as measured by DSC analysis) and the higher onset 
temperature of decomposition (as measured by themogravimetric analysis), the reaction does 
not advance appreciably in the absence of heat. Consideration of the Lewis base character of 
the dicyanamide anion does not render it a prime candidate for forming a carbene species as a 
primary reaction, however this is not ruled out at increased temperatures. In a similar manner, 
a Hofinann elimination reaction occurs at elevated temperatures resulting in an absorbance 
band in the ATR-IR spectra indicative of a carbonyl group.
Owing to the steric hindrance exhibited by the diethyl phosphate anion, it is not thought that 
this will initiate the epoxy ring via nucleophilic attack. Reported Kamlet-Taft hydrogen bond 
basicity values (Chapter 4) indicate that the diethyl phosphate anion and the acetate anion 
have very similar hydrogen bond acceptor ability which would suggest that the anion 
interacts strongly with the imidazolium cation. Whilst this may explain why the thermal 
stability of the 1-ethyl-3-methylimidazolium diethyl phosphate anion is high, which 
ultimately would lead to a higher onset of reaction temperature when mixed with an epoxy
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and analysed by DSC, it does not explain why the opposite effect is observed in 1-ethyl-3- 
methylimidazolium acetate/epoxy formulations. Owing to the observed differences, it is 
suggested that the reaction mechanism is dependent on a number of factors. A simple 
ordering of the anions in terms of pKa values of the conjugate acid, the nucleophilicity or the 
hydrogen bond acceptor ability does not adequately explain the thermal data observed when 
the individual ionic liquids are mixed with an epoxy however consideration of the increased 
pKa values exhibited by a number of species in ionic liquids with a basic anion compared 
with water may aid in this observation.
In addition, in terms of latency, it is proposed that formulations comprising either I-ethyl-3- 
methylimidazolium acetate or I-ethyl-3-methylimidazolium thiocyanate will not display the 
desired characteristics. On the other hand, formulations comprising 1-ethyl-3- 
methylimidazolium dicyanamide or 1-ethyl-3-methylimidazolium diethyl phosphate are put 
forward as strong candidates for use in one-pot formulations due to the fact both the 
dicyanamide and diethyl phosphate anions are poor Lewis bases and poor nucleophiles.
One area of future work might encompass identification of the proposed intermediate species 
formed through reaction of the thiocyanate anion with the epoxy ring. A chemical shift for 
this species is observed in the NMR spectral data both at room temperature and at 50 °C 
but, owing to its intermediate nature, the shift disappears over time as the species reacts 
further. This disappearance is observed to occur more rapidly at elevated temperatures and 
therefore it is suggested that further analyses should be performed at room temperature to 
capture the species for a longer period of time. It is postulated that, if a sufficient 
concentration of the species can be generated and the reaction quenched, gas chromatography 
coupled with mass spectrometry (GC-MS) would provide a useful route of analysis as, 
theoretically the components can be separated and then identified from the molecular ion and 
fragmentation pathway. If however, the intermediate species cannot be isolated or does not 
remain in the reacting sample for an adequate length of time, in situ techniques such as ESR 
spectroscopy are suggested which allow the detection of transient, fast reacting species.
It has been suggested in Chapter 6 that two competing reaction mechanisms occur in 
formulations comprising 1-ethyl-3-methylimidazolium thiocyanate and DGEBA at elevated 
temperatures compared with a single mechanism at room temperature. In order to investigate 
this theory further it is proposed that the formulation can be manipulated. If, for example, a 
thiocyanate anion coupled with a non-initiating cation (such as a transition metal complex) is
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used in the formulation in place of the ionic liquid, it could be investigated whether or not 
initiation occurs via the thiocyanate anion after the complex dissociates at elevated 
temperatures. In a similar manner, increasing electron density on the imidazolium ring and, 
hence, rendering dissociation more difficult, may also impact the initiating ability of the 
thiocyanate anion. If the inductive effects of various groups are considered, it may also be 
possible to facilitate or hinder the deprotonation reaction.
Whilst kinetic data have been reported in Chapter 3 for formulations comprising 1-ethyl-3- 
methylimidazolium thiocyanate and DGEBA, the analysis has only taken into account the 
overall reaction. As two competing reactions are thought to occur at elevated temperatures it 
would be interesting to investigate the kinetics of the different reactions. It may be possible to 
do this through the use of isothermal DSC analysis. If, as discussed previously, the 
deprotonation reaction is not believed to occur at room temperature, then isothermal analyses 
at various temperatures below that at which this mechanism becomes active may well enable 
the kinetics of the intermediate species forming reaction to be isolated. In order to isolate the 
deprotonation reaction, it would be necessary to essentially tie up the thiocyanate anion 
through, for example, further complexation to prevent it from reacting with the epoxy.
Overall, identification of the intermediate species would seem a sensible route for future 
work as well as the isolation of the various mechanistic pathways in terms of the associated 
kinetic parameters. This could potentially allow a more informed design process when 
developing new ionic liquids. Additionally, such information may also contribute to selecting 
a suitable ionic liquid for applications which require different speeds of network growth and 
development.
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